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A COMPARISON OF RESOLVING POWER AND SENSI- 
TIVITY OF PHOTOGRAPHIC PLATES WITH VARYING 
DEVELOPMENT 


By Burt H. Carroll and Donald Hubbard 


ABSTRACT 


Special developers recommended for reducing the graininess of photographic 


 . , : . . t : 
" images are all based on increasing the solvent action of the solution on silver 
©) bromide, and decreasing the reduction potential. Five of these formulas were 
™ compared with ordinary pyrogallol and metol-hydroquinone by testing sensitivity 


; and resolving power of three emulsions, each developed with each of the devel- 
' opers. These results were supplemented by practical spectrographic tests, and 
experiments with two other developers. Little useful improvement over the 
standard developers was obtained in any case, as increased resolution was, in 


* general, accompanied by decreased sensitivity. These results do not apply to 

’ the pictorial use of special development to reduce graininess. 
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I. INTRODUCTION 


Both scientific and practical applications of photography tend to 
demand a better combination of sensitivity and resolving power than 
is now available. While recent investigations have shown that, other 
conditions being the same, sensitivity increases with the size of the 
silver halide grains in an emulsion so that there is a fundamental con- 
nection between the two, the resolving power of the developed image 
is always far less than the limit imposed by the silver halide grain 
size. Part of this is caused by clumps of grains in the emulsion, and 
part by the substitution of irregular and much larger grains of silver 
in the developed image for the original grains of silver halide. The 
latter at least is obviously susceptible to some control by the con- 
ditions of development. In the extreme case of development after 
fixation, where the silver halide grain has been removed and the silver 

1 
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of the developed image is deposited from the developing solution, 
Seyewetz' has shown that the metal may be deposited in com. 
pact hexagonal crystals quite different from the spongy grains pro. 
duced by any developing agent * under the conditions of “chemical” 
development. 

‘“‘Chemical”’ development may, however, be modified so as to pr. 
duce smaller silver grains, with a probable decrease in the frequency 
of clumps, by decrease in the reduction potential, and increase in th 
solubility of the silver halide in the developing solution. The regu); 
is that a considerable proportion of the silver halide is reduced jy 
solution, and the silver deposited on the development nucleus as jy 
‘physical’ development. This type of developer was first used and 
explained by the Lumiéres and Seyewetz,’ and the same principles are 
involved in the ‘‘borax’’ developers now in wide use by the motion- 
picture industry. A high concentration of sodium sulphite is used to 
increase the solubility of the silver halide, and carbonate is entirely 
omitted, so that the alkalinity is relatively low (pH approximately 9 
and the reduction potential is correspondingly decreased. The 
alkalinity of sulphite solutions is somewhat too low and borax is 
generally added to raise it to the desired value; being a good buffer, 
it may be added in sufficient quantity to maintain the pH reasonably 
constant during development. The use of borax has given its name 
to this class of developer, although the high concentration of sulphite 
is really the more important feature. Practical studies of the var- 
iables in this class of developer are given by Carlton and Crabtree‘ 
and by Moyse and White.® 

This comparison of a number of developer formulas by their effect 
on the characteristics of three emulsions was intended primarily for 
choice of developers for use in difficult spectography, such as stella 
spectra, Zeeman patterns, or band spectra. The requirements may 
be summarized as (1) the minimum error in determination of the 
distance between closely separated lines, combined with (2) the 
minimum exposure for recording the lines. The first is not determined 
solely by the grain size of the image, since resolving power is dependent 
to a very large extent on fog, and contrast; the factors involved are 
summarized by Sandvik,® who emphasizes the necessity of measuring 
resolving power by tests related to the intended application.- The 
second requirement makes it necessary to consider the effect of devel- 
opment on the effective sensitivity of the plate, since the differences 
in resolving power characteristic of emulsions differing by 50 per cent 
in speed are, in general, as great as any which can be produced by 
special development. There is obviously no advantage in the use of 
a high-speed emulsion and special developer if both sensitivity and 
resolving power can be equaled by a moderate speed emulsion with 
standard development, and we are unable to understand how the 
Lumiéres and Seyewetz ’ are able to pass so lightly over this point. 





! Seyewetz, Chimie et Ind., Special No.; p. 418; September, 1925. 

2 Ross, The Physics of the Developed Silver Image, chap. 1. 

3A. and L. Lumiére and A. Seyewetz, Brit. J. Phot., 51, pp. 630, 866; 1904. 

¢ Carlton and Crabtree, Trans. Soc. Motion Picture Engrs., 13, pp. 406-444; 1929. 

® Moyse and White, Trans. Soc. Mction Picture Engrs., 18, pp. 445-452; 1929. 

® Sandvik, Proc. 7th Int. Cong. Phot., p. 243; 1928. 

7 A. and L, Lumiére and A. Seyewetz, Sci. et. Ind. Phot., 12, p. 128; 1928; ‘On compensera facilement 
Vinconvénient de la legére surexposition exigée par ce révélateur en s’addressant & une émulsion trés 
sensible comme celle de la plaque Lumiére ‘ Etiquette Violette ’.’’ 
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II. EXPERIMENTAL PROCEDURE 
1. CHOICE OF PLATES 


All tests were made with plates, as the precision measurements of 
spectrography and astronomy are still impossible on film base. 

The Seed’s 23 was chosen as a moderate-speed emulsion of the 
ceneral type most useful in spectrography. The Speedway and Press 
plates are the fastest emulsions available on glass from their respec- 
tive makers. The resolving power most frequently becomes a serious 

' consideration when it is necessary to use this type of plate, and the 
advantages of special developers may be expected to be most evident 


with those emulsions. 
2. SENSITOMETRY 


Sensitometric measurements were made by the standard methods 
of this bureau. Exposure was by nonintermittent sector wheel at 
an intensity of 1 m candle of the quality of noon sunlight. 

The Seed’s 23 and Speedway plates were tested with a light source 
consisting of a gas filled incandescent light operated at a color tem- 
perature of 2,810° K. and a filter of Corning “‘Daylite” glass. The 
Press plates were exposed to the source adopted by the Seventh 
International Congress of Photography, an incandescent light operated 
at 2,360° and the corresponding Davis-Gibson filter. The difference 
in speed numbers with these sources appears to be within the limits 
of error of sensitometry. Development was carried out at 20° 
| using the brush method for the developers where the maximum 

time did not exceed 12 minutes. The slow developers, requiring 30 
to 120 minutes, were necessarily used without agitation; the plates 
were left emulsion up in the solution and did not develop the streaks 
which are liable to occur in a vertical tank. Densities were measured 
in diffuse light, the fog density being automatically subtracted; using 
backed plates, the fog strip was uniform throughout. Speed numbers 
are 10/2. Where a single number is given, the curves crossed on the 
exposure axis within the limits of error; a noticeable shift with time 
of development is indicated by the use of three speed numbers. 
Some indication of the changes in the underexposure region is given 
by the density at an exposure of 0.0294 candle meter second; the 
——— Dio) indicates the contrast to which the plate was 
developed. 

' 3. MEASUREMENT OF RESOLVING POWER 


Resolving power was measured with the same parallel-line test 
object and lens used for this purpose by Davis and Walters,’ their 
procedure being in complete agreement with the later recommenda- 
tions of Sandvik. The test object consists of groups of six parallel 
lines separated by spaces of equal width, in which the density exceeds 
that of the lines by approximately 4. This was photographed on 
the backed test strips at such scale that the distances between centers 
of lines in the image varied from 8.3 » to 25 uw. Each test strip was 
given a series of exposures increasing by a factor of about one-third. 
The performance of the lens at f/11 was found to be slightly superior 
to that at {/16 because of the distinct appearance of diffraction at the 
smaller stop. 





8 Davis and Walters, B. S. Sci. Paper No. 439. § See footnote 6, p. 2. 
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Plates were developed to a contrast within their normal work 
range. On completing the sensitometer tests, y was plotted agaia; 
the time of development, and also against the corresponding values, 
fog, and the required time read off the curve. As a check on the inte 
polation, sensitometer exposures were developed with each set , 
resolution tests strips. Except where excessive fog would be py 
duced, the Seed’s 23 plates were developed to a y of approximate: 
1.5 and the Speedway to approximately 1.0. The Press plates we, 
developed to what was judged, from inspection of the curve of: 
against fog, to be the optimum contrast; we consider the resui 
with this emulsion the most satisfactory. i 

The greatest uncertainty in determination of resolving power lid 
in assigning a number to any given test image. The strips wer 
observed with a binocular microscope with 25 mm objectives an/ 
10X eyepieces under lighting conditions found to impose very litt) 
eyestrain. A considerable number of readings were also made bie 
projection at 800 diameters, the image being observed from 1 or 2 1 
distance; the light intensity was too low for comfort, and the result 
while in reasonable agreement with those by the other method, ar 
considered less satisfactory. The criterion for resolution which wa 
applied, was that all six lines of a group should appear suitable fe 
definite settings of a cross hair. The resolution number assigned t 
a test strip was the minimum separation resolved at any one of th: 
series of exposures. All tests were made in quadruplicate; the nun- 
ber given in the tables for a given emulsion, developer, and observe 
is the average of four strips. 

Three or four observers were used in all cases. The identity ¢ 
the test strips could not be entirely concealed from the observer 
byt there is little evidence of prejudice. The errors of observatio 
will be discussed with the results. : 


4. SPECTROGRAPHIC TESTS 


Some of the developers were compared under conditions of actual 
spectrographic work. The carbon are band at 3,883 A was photo- 
graphed with the large grating spectrograph of the spectroscopi 
section of this bureau, using a concave grating of 21-foot radius, 
15,000 lines per inch and a 5 wslit width. After careful focusing of 
backed lantern-slide plates, Speedway plates (emulsion 2469) were 
given a series of eight exposures each to the same source. Figure | 
is a reproduction at 163 diameters of the band head on the lantem 
slide focus plate and on Speedway plates developed with five formulas, 
the best exposure in each case being selected for enlargement. 


5. DEVELOPERS 
(a) MATERIAL 


The developing agents were commercial materials passing the 
United States Government specifications with the exception of para- 
phenylenediamine (base). This is very unstable in air. The avail- 
able material was twice sublimed under reduced pressure at the start 
of the investigation, the product being white and giving a nearly 
colorless solution, but it was distinctly darkened in a few weeks. 
Sodium carbonate was assayed by acid titration, and sodium sul- 
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phite by iodine titration. The amounts given represent actual 
Na. ,CO; and Na,SO,; U.S. P. borax was twice recrystallized for use. 


(b) FORMULAS 


Pyrogallol—This is the developer normally used for sensitometry 
at the Bureau of Standards: 


Stock solutions: 
W 
BS ee ee ee ee oo. 


oe emia metabisulphite g 
B {3 mi__ 1,000 


zg 95 
of ater of, ae ee ae eee en eee ener mi... 1,.000 
OMNI COPOONEIG. = = 25 ions es caw nine anes Se 70 
For use, 1 volume each of A, B, and C plus 7 volumes of water. 
> Concentrated metol-hydroquinone.—A developer of the universal 
> type much used for practical work at this bureau: 
Water 
LS er ee eee See eee 
thie s\n Pai ene ae ome 
ER PIES 0 eee hr eS” 
RGGI) OEPOOUEUD. 5 = otc. ace sage nteenden dens 
POUGBRT III So on oo ec cen en mien ee 
Dilute metol-hydroquinone.—Recommended by Lumiéres and Seye- 
wetz © as giving a slight reduction in grain size, equivalent to the 
Metol-hydroquinone-borax formula: 
RO ae mete it ee sists a hie snouts ence 
Pn cacti nari naiauins mad adnipisbeld ns mooie 
ieee ON 2. Pe es a Stine mole’ sme womens 
OS SSL aie pe i sO a 
POURERIIeGS.. 6... boii cc ck etek eles : 
Water to make liter.. 1.0 
Metol-hydroquinone-borax.—Recommended for reduction of graini- 
ness in motion-picture negatives: " 


Carlton and Crabtree * state that graininess can be further 
decreased by reducing the concentration of developing agents in this 
formula to one-half, other concentrations being unchanged. 

Metol-boraz. —Recommended by Moyse and White for use with 
motion-picture negatives.’ 

PaO E ere eens eee ss ee 2. 5 
WOMLUND MUDNME ad tice oo se aha Se see Stee esse g-. @§ 

[a Se SS ee ee eee oS een eee ee g-- 5. 0 
Water to make liter_- 1.0 

p- pels, yang rt boraz. —Recommended by the Lumiéres and 
Seyewetz '# ‘giving the best results.” 


© Lumia ares and Seyewetz, Sci. et. Ind. Phot., 8A, p. 126; 1928. 
8 rabtree, Trans. Soc. Motion Picture Eng., p. 77; 1927. 
2 See footnote 4, p. 2. 

’ Moyse and White, Trans. Soc. Motion Picture Eng., 13, p. 445; 1929, 
r Lumiéres and Seyewetz, Sci, et. Ind, Phot., 7A, p. 108; 1927. 
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Enenyionediamine (DASA) 66 cwn occ inn cee geet sud g-. 4 
Sodium iLO ce a eae, ier s seer ae a See cee g-. 60 

aE kp Segal Be di Neg A, atime ida icin aah eee eR RRS «A 50 
SI NID RI 03h i oe Sawa liter__ 1.0 


p-Phenylenediamine-carbonate-—The Lumiéres and Seyewetz" j 
state that this formula gives more rapid development and better : 
density than the diamine-borax, but the grain is noticeably coarser. t 

p-Phenylenediamine (base) ----....-.....-...-.-..-..- g-. 10 
NNN ice annua daucessacecgeaa~ nce g.. 6 
Pp NERD os a ontecenwenceceeewee eee ss ess 30 

VME WORMED iaiiccnnnsnwandaaecducedouuesseewes liter_. 1.0 


Hydroquinone-boraz: 


Re NN oi ee as aes aac kennel o... § §@ 
aennN Ses WRN tars tS SS Oe SS ee wae ame g.. 10 
RR eee eueicbadaiche wth aes eh sua cue e2. | x0 
nnn nck nciewdheemumnnnmwnssiaale liter.. 1.0 
Physical developer :'® 
ini Nada i a nstrh g jh eninseniiienneaaanMnonnnil g-. 25.0 
SEE Ee earn eee eee eeneene er Senn: g.. 80:9 
20 per cent gum arabic solution............._.--.--- mi... ‘0:9 
SN TN i scacanientaiti nits len eccneiinnins acainnmane ter... Ld 


For use add 2 ml of 10 per cent silver nitrate to 50 ml of the above. 

Of these developers, the pyrogallol and concentrated metol-hydro- 
quinone are common practical fo rmulas. The metol-hydroquinone- 
borax and metol-borax formulas, which can now be classed as practical, 
are based on the use of high sulphite concentration and greatly reduced 
alkalinity with a developing agent of high reduction potential; the 
rate of development indicates that only a small proportion of the silver 
in the developed image can be derived from the slow process of solution 
of silver halide and reduction in solution. In the p-phenylenediamine 
developers the ‘‘chemical” development is greatly decreased by the 
use of a developing agent of low reduction potential,’ and reduction 
takes place at a low rate which probably corresponds to ‘‘physical” 
development. The hydroquinone-borax formula is comparable to the 

p-phenylenediamine-borax, in reduction potential and solvent action; 
tt was introduced only to see if a specific effect of the developing 
agent on the resolution was detectable, as we did not expect it to be 
of practical value. Physical development is known to have a favor- 
able influence on resolution both by its effect on grain size and because 
it gives a surface image free from the effects of irradiation. It might 
he of value in spite of the known depression of speed in case it made 
_— a resolution which could not be obtained with any emulsion 

y normal development. 





III. DISCUSSION OF RESULTS 
1, SENSITIVITY 


The sensitometer tests of the three emulsions listed in Tables 1, 3, 
and 5 show a wide variation in effective sensitivity of a given emulsion 
developed with the different formulas. This variation increases with 





15 Lumiéres and Seyewets, Sci. et. Ind. Phot. 8A, p. 126; 1928. 

16 Liippo-Cramer, Phot. Ind., 13, p. 660; 1915. 

17 Nietz, Theory of Dev elopment, rates p- phenylenediamine hydrochloride at 0.4 and metol at 20, hydro- 
quinone being taker as 1.0; p-phenylenediamine base probably has a slightly higher potential than its salt. 
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the speed of the plate, but the order in which the developers fall is 
actically the same for all three emulsions. 


r ° ° ° ° 
P The special developers with high solvent action and low reduction 
‘ potential (p-phenylenediamine-borax, p-phenylenediamine-carbonate, 
=" hydroquinone-borax) caused a very considerable depression in speed ; 
“yi in the extreme case of purely physical development, the loss was 80 to 


90 per cent. The dilute metol-hydroquinone developer, which would 
be closely reproduced merely by diluting the concentrated formula to ten 
times its volume and doubling the bromide, gave normal speed num- 
> bers, but, by far, the worst fog for a bb we contrast. 














’ The metol-hydroquinone-borax and metol-borax developers some- 
> what unexpectedly gave higher speeds than the standard formulas, 
* and better densities in the underexposure region at moderate values 
i of y. 
~ Taste 1.—Sensitometric characteristic of Seed’s 23 plate (emulsion No. 7855) with 
a the different developers 
[ g [Figures in parentheses indicate time of development in minutes] 
| 
3 Developer Speed - et 2 Fog 
r0- : Standard pyrogallol_....-..--..-.---- 230} 0.12 { 3 A, | oF en a) by 4 
a ; Concentrated meto]-hydroquinone. ._ 200 - 09 { ee my) on a @) ®) 
“ | Dilute metol-hydroquinone-.-_--.-.. Same (3) - ae! ae = = 
- Metol-hydroquinone-borax-.-........ 320 13 ® a a eo & (12) 
MOE UOINE nc eneaccusscccccsaned 330 15 ® 130 Ny! @) © Mar 
p-Phenylenediamine-borax_--.......- 165 -10 “= 2 —- (20 = ag 
p-Phenylenediamine-carbonate__.-.... 165 - 08 { (15) oo) - = (30) by A 
(10) 19 (10) (20) (40) (10) (20) (40) 
Physical developer 10°_.......-...-.-. (20) 27 - 00 
(40) 37 o¥e 1.30 1, 64 - 05 -10 -18 





























TABLE 2.—Resolution of Seed’s 23 plate (emulsion 7856) 


[The resolution is expressed in microns spacing of the closest set of lines resolved, and values are rounded 
to 0. 











0.5 «| 
Resolution as determined by 
observer 
Developer Y Fog 

C D H 8 

a 
Rt) ce. Sa a a ee 1. 50 0. 24 15.0 15.0 15.0 15.0 
Concentrated metol-hydroquinone. ---..--.....------.. 1.45 . 06 14.0 15.0 16.0 14.5 
Dilute metol-hydroquinone.........--..-------------- . 56 ol? 14.5 15.0 17.5 15.0 
Metol-hydroquinone-borax._...........--------------- 1. 57 . 36 14.0 15.5 16.0 16.0 
UL ia ee EES oe a a 1. 33 24 13.0 15.5 16. 5 16.0 
p-Phenylenediamine-borax.----- ae ee 19 12.0 13.5 14.5 14.0 
— ylenediamine-carbonate 3 1. 37 27) 13.5] 18.5] 16.5 15.0 
WRN Cee Reale soda y ciaxadayalssesacwans . 90 . 08 13.0 14.0 14.5 15.5 
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TABLE 3.—Sensitometric characteristics of Eastman Speedway plate (emulsion Nos. q 
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2357 and 2469) with the different developers 


{Figures in parentheses indicate time of development in minutes] 
































(Vol, 5 


i" CEE EEG ted ae Sees Sle 
Emul- 1.0 
Developer _ Speed Do 029 Y Fog 
if (3) (6) | (12) | (3) (6) 
etaaat se am) 400) 0.15 { 91 S01 T130| oftd| ote 
stnaehiinia ies amen aeees mae (2469) 490 12 { (3)} (| 2)} @)| ©) 
a ae . 86 1. 33 | . 05 . 20 
Concentrated metol-hydroqui- | (2357) 300 12 (7-9 i i ae ® 
none. , > on, | . 
Dilute metol-hydroquinone----.--- (2357) 530 yj { a “— or! | oo) “ 
Metol-hydroquinone-borax.-.-.....| (2357) 510 22 { ® @ = @) © 
, (3)| (©) | a2)| @) | © 
sens (2469) 525) -% 45| .80] 1.10] .05|] .16 
IEE onesie noneciennsennnns aes (3)| @ | 42} @) | ©) 
(2357) 4390) -18 66] .88| 120] .12| .20 
{ (3)300 | ,@®] ©| aa! @| | 
Metol-borax+0.5 g KBr/liter_....- (2357) l ins | . 25 | 
(12) 510 | .51 .77| 1.00 . 04 .09 
p-Phenylenediamine-borax- -..--- (2357) 210 | ll { ss | — (120) bar (0) 
mie (30) 220 | I{ (30) | (60) | (120) | (30) | (60) 
p-Phenylenediamine-earbonate -..| (2357) (60) 220 |7......- | | 
(120) 420 if .67| .95| .90] .23 fi 
(2)31 (2 (4); (8) | (2) (4) | 
Physical developer 20°._.........- (2357) (4)34 . 00 | | 
(8) 52 1.90) .@:) 1.061 «01 <i 
| | | | 


| ‘ 





TABLE 4.—Resolution of Eastman Speedway plate (emulsion 2357 


The resolution is expressed as microns spacing of the closest set of lines resolved, and values are rounded 
Pp I g , 




















to 0.5+ yl) 
Resolution as determined by 
observer 
Developer ¥ Fog 
C D H | 8 
| | a 
EE art 0.84) 0.15 | 15.0} 165| 17.5 | 16.( 
Concentrated metol-hydroquinone . 87 | . 06 15.5 17.5 17.5 | 17.0 
Dilute metol-hydroquinone. - -......................-- 47 | -2%/ 160] 19.0 19.0} 16. 
Metol-hydroquinone-borax-_-_-._.......-.--.-..--.----- 1.09 | -36| 14.5] 18.5 18.5 | 17 
see tatters ee ee ee a ene 4) .O} 140] 185 18.5] 16. 
rans IIE. 5... i ccnsecsnrnncensntnnt 97) .36) 14.0 15.0 15.5 15.0 
p-Phenylenediamine-carbonate__.._.............------ ta .30; 15.0 17.5 16.0 | 15.0 
| 
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TABLE 9. 


Developer Comparison 


[Figures in parentheses indicate time of development in minutes] 
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Sensitometric characteristics of Hammer Press plate (emulsion 4063) 
with the different developers 























| 
Developer Speed nid. | 7 Fog 
3 6 12 3 6 12 
ee ena | wo] oar} 2) OB) BQ} oO} op 
; if (1. : 3 
a Concentrated metol-hydroquinone- ...--.. 495 . 26 . J a AY - pi } ¢ 1. © 
4 ‘ 1 15 30 60 
Dilute metol-hydroquinone- - --..---.----- i , See { ( > (30) (0) . 4 / ( ”) 
Metol-hydroquinone-borax-.-....--.------ 715 . 33 { @ @ “2 ® () ie 
5 12 3 6 12 
AAU a i cet tecoamiienn m| .2oif @) @) | @| ©] & 
p-Phenylenediamine-borax--..---...--.--- | 215 -12 (0) a (120) ag 3 sae “ 
} 
p-Phenylenediamine-carbonate............ 300 . 22 { = @) = ae “= “2 
Ir a0) 15 | (30) | (60) | (20) | (0) | (60) | (4120) 
Hydroquinone-borax..........-...-...-... (60) 290 ay | 
| (120) 400 | .2%| .70| 1.00} .03| .14| .40 
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TABLE 6.—Resolution of Hammer Press plates (emulsion 4063) 


[The resolution is expressed in microns spacing of the _ set of lines resolved, and values are rounded 
to 0.5 uw 
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Resolution as deter- 
mined by observer 
Fog |__ 
D H Cc 
0.15} 15.0] 150] 19.0 
Pp 15. 5 15. 5 18.0 
. 17.0 17.0 18.0 
22 16. 5 15.5 18.0 
. 16 16.0 15.0 18.5 
oa 16.0 14.5 15.5 
-16 14.0 14.0 16.5 
. 08 16.0 14.0 16.9 








TaBLe 7.—Rating of developers, on resolving power only, by the different observers 


[Two or three numbers are assigned where the resolution numbers for the corresponding developers were 


identical] 





Numerical order of the developers on scale of decreasing 





























resolution 
Observer D Observer C |} Observer H Observer S 
Developer * 
a l?] lel#l lal? s | 8 
* Ls » ; 2” 4 3 2 2 
PEEVE EE a 2/2] 3/2 
7) ~ TR | Pa ND Ru D 
Standard pyrogallol___..........-.-.------ 3-4-5 2 3) Fr 67 7 2| 3-4 | 34 | 3-4-5 34 
Concentrated metol-hydroquinone-_._----. 3-4-5 | 3-4 3} 4] 6] 3 3 | 3-4 | 56 2 6 
Dilute metol-hydroquinone.._....-.------- 3-4-5 7 TT 61 926 7 7 7 | 3-4-5 3-4 
Metol-hydroquinone-borax.......------.-- 6-7 5 Si -si $i 4 4 5 | 5-6 6-7 7 
CTE SE Gena cnt a amen 6-7 6145] 2| 2] 5| &6 6 | 3-4 6-7 5 
p-Phenylenediamine-borax-__....-..--.... 2 1/45] 1] 1] 1 1 1 2 1 1-2 
p-Phenylenediamine-carbonate...-.-.----. 1| 34 1| 3| 4] 2) 56 2 1 | 34-5 1-2 
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2. RESOLVING POWER 


The discrepancies between the observers are of the same order as | | 
the differences produced by the developers, so that the only unquali. | 7 
fied statement possible is that the development has little effect on |7 
resolution. This is disappointing, since both our own photomicro. | 7 
graphs and those of the Lumiéres and Seyewetz ' show distinctly © 
smaller silver grains in the images developed by the special formulas, 
while the increasing use of the metol-hydroquinone-borax developer 
for reducing graininess in motion-picture negatives indicates that this F 
type can decrease the number of clumps of grains. It seems necessary F * 
to conclude that resolution as measured by the standard test is not | 7 
directly dependent on grain size, or on the factors controlling graini- | 
ness. Preliminary experiments on the accuracy of setting a cross 
hair on fine lines developed by standard and special formulas gave no | 7 
indication of any marked improvement; refinements on the technique | 7 
employed will be necessary, but we believe that a study of the factors 
influencing accuracy of such distance measurements on plates might 
be of greater utility than the usual determination of resolving power. 

Table 7 shows that the individual observers were more likely to 
agree on the order in which they placed the developers than on the 
absolute magnitude of the resolution numbers; there was, however, 
also a tendency to individual preferences for or against one or two 
developers, which were maintained on all emulsions and which can 
not be ascribed to previous bias. The data indicate: 

1. Both p-phenylenediamine formulas, the hydroquinone-borax, 
and the physical developers, improved resolution over the standard 
formulas. The physical developer was no better than those first 
mentioned. 

2. The metol-hydroquinone-borax and metol-borax developers were 
no better than the standard pyrogallol or metol-hydroquinone in their 
effect on resolution. ; 

3. The dilute metol-hydroquinone formula gives probably the worst 
resolution. It is interesting to compare this with the concentrated 
formula, which gives a much coarser grain, but is so far superior as to 
contrast and fog that resolution is distinctly better; on a test object 
of lower contrast ratio, or in actual spectrographic work with faint F 
lines, the superiority would be more marked. A 

Such improvement as was obtained was as distinct with the Seed’s 
23 as with the faster plates. The Lumiéres and Seyewetz * report F 
that in the case of a process plate the grain is practically independent — ~ 
of the developer. 

In —_ of the negative results of the resolution test, there has been 
general agreement that the spectrum plates developed with the metol- 
hydroquinone-borax and metol-borax formulas show more detail than 
the plate developed with the concentrated metol-hydroquinone; this 
is unquestionably true with the p-phenylenediamine-borax. Viterbi” 
has already illustrated good results obtained with the metol-hydro- 
quinone-borax formula, but unfortunately gives nothing for com- 
parison. 
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18 See footnote 14, p. 5. 
19 Viterbi, Proc. 7th Int. Cong. Phot., pp. 365-367. 
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The resolution number and silver grain obtained with the hydro- 


r as be juinone-borax and p-phenylenediamine-borax developers are very 
ial. | agimilar. We doubt that the latter reducing agent has a specific 
on | agnfluence independent of its reduction potential. 


3. UTILITY OF THE DEVELOPERS 





Judging the developers by their effects both on resolution and 
"<ensitivity, it appears that none of those tried offer a marked improve- 
“Fnent over the standard formulas. The p-phenylenediamine 
uy | Fdevelopers are unfortunately eliminated by their effect on sensitivity. 
not | “FRy way of illustration, the Press plate, developed with p-phenylene- 
nl- | jiamine-borax to a y of 0.75 and fog of 0.19, has a speed of 215 and 
083 | Fesolution number of 15; the Seed’s 23, developed with concentrated 
0 | % metol-hydroquinone to a y of 1.45 and fog of 0.06, has a speed of 200 
Ue F and resolution number of 14. In practice, the use of the latter com- 


per 


oS 

— 

77a) 
a 


1S | Fhination is very obviously preferable. The metol-hydroquinone- 
ht "+ borax and metol-borax developers increase the effective sensitivity 
Tr. | J and may appreciably improve the detail of the image in some cases. 
‘0 | © They are thoroughly practical developers if it is remembered that they 
he ) are quite sensitive to the soluble bromide which accumulates in use. 
T, | * A small amount can be compensated by increasing the development 
Y0 | © time (see Table 3) and may be an advantage; but it is well to remember 


iN | that in most scientific applications of photography the overhead 
> expense on a given exposure normally makes it very false economy 


: ’ to endanger results by saving developer. 

: IV. SUMMARY 

@f 1. Six developers characterized by increased solvent action on 
tf — silver bromide and decreased reduction potential have been compared 


' with standard pyrogallol and metol-hydroquinone formulas. The 
t comparison is based on (a) sensitometric tests, using three emulsions; 
1 » (b) tests of resolving power by the parallel-line test object, using the 
' same emulsions; and (c) spectrographic exposures with one of the 
f 


tie So 


emulsions. 

2. Only the developers with lowest reduction potential effected an 
' appreciable improvement in resolving power. ‘These developers are 
' — of no practical use because they greatly decrease the effective sensi- 

; tivity. 

3. The ‘‘borax’”’ developers used in motion-picture laboratories are 
satisfactory for spectrographic work, but improvement over the 
standard formulas can not be expected to be large. 
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RESONANCE AND QUENCHING OF THE THIRD 
PRINCIPAL SERIES LINE OF CAESIUM 


By C. Boeckner 


ABSTRACT 


A helium discharge is used as a source for the study of the resonance radiation 
from the third principal series line of caesium. This is possible, due to the coinci- 
dence of a strong helium line with the caesium line. A number of caesium arc 

ines are also observed in the fluorescent radiation; they have their origin in 
lower levels populated by radiation transitions from the initial level (4Pj/2). 
The effect of helium on the fluorescent radiation is studied. It is found that 
collisions between helium and caesium atoms in the 4P;/2 state transfer the latter 
only to states differing by less than several hundredths of a volt from the initial 
state. Transfers to states differing by as much as 0,18 volt are improbable. 


CONTENTS 


I. Introduction 
I], Experimental 
III. Results 

IV. Discussion 


I. INTRODUCTION 


In another paper’ from this laboratory it was noted that the 


strong 3888 helium line coincided with the third principal series line 
of caesium and that it was markedly absorbed by caesium vapor. 
This suggested that a helium tube would serve as an excellent source 
for the study of caesium resonance radiation; the obvious reasons 
being the simplicity and intensity of the source and absence of self- 
reversal. The experiment of illuminating caesium vapor with a 
helium discharge tube was then carried out and it was found that the 
expected fluorescence could, indeed, be detected. Fifteen-minute 
exposures with a Hilger EH, quartz spectrograph were usually sufficient 
to photograph the strong lines. 

Little work has been done on the excitation of resonance of the 
higher alkali series lines. Lord Rayleigh? illuminated sodium vapor 
with the second principal series line of sodium and obtained the D 
lines in emission; Cario and Franck* later repeated the experiments. 
Recently C. J. Christensen and G. K. Rollefson‘ in a similar experi- 
ment observed the second line itself and obtained a value for the 
ratio of the second line to the D lines. 

The present paper deals with the fluorescence appearing when 
caesium atoms are raised to the 4P,). state (the initial state of one 
component of the third principal series doublet) and the effect of 
he lum i in altering the fluorescence. 





'B. S. Jour. Research (in press). 
?R. J. Strutt, Proc. Roy. Soc., London (A), 96, p. 272; 1919. 
a ario and Franck, Zs. f. 4 , 11, p. 87; 1925. 
. J, Christensen and G. K . Rollefson, Phys. Rev., 34, p, 1157; 1929, 
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II. EXPERIMENTAL 


A simple capillary cold electrode discharge tube containing heliun| — 
at about 1 cm pressure was used as a source. The tube was operatei| 
at 10,000 volts from a transformer; the primary current being aboy} 


8 amperes. 





The resonance tube was of the type commonly used in the study of 
resonance and scattering. It was about 30 cm long and was drawn ow 
at one end into a light trap. On the other end was sealed a flat glist 


window. To reduce scattering, a platinum diaphragm with a narroy 


slit was placed inside of the tube about a centimeter in back of th) ~ 


window, thus shielding it from the direct light of the dischang 
The slit was focused on the spectrograph slit. The resonance tuly 


was illuminated by placing the discharge tube near it, but sever 


centimeters away to reduce scattering from the window and ligh 
traps. It was not necessary to use great precautions against scatter. 
ing except for observations on the resonance line itself, since the lines 
in the source were in no other case near caesium lines. 

To maintain the required caesium vapor pressure the dischiarge 


tubes and resonance tubes were placed in a furnace and maintained f 


at a temperature of about 200°C. A small appendix to the resonance 
tube projected from the furnace and was kept at a somewhat lower 
temperature. This arrangement insured that the condensed caesium 
be in the cooler appendix and permitted a definite control of the 
vapor pressure. The appendix was usually kept at a temperature o/ 
120° C. (corresponding to a vapor pressure of 0.001 mm). This 
pressure of caesium was found to give the most intense fluorescence 
In some of the work the resonance tube was kept on the pumps to 
insure a good vacuum. 


The helium for the quenching experiments was obtained from tanks § 


supplied by the Navy Department and was purified by passage 
through a charcoal trap immersed in liquid air. 
A Hilger £, quartz spectrograph was used for photographing the 


fluorescence. For photographing lines in the near infra-red, neo- § 


cyanin stained plates were used. These were kindly prepared by 
B. H. Carroll, of the photographic emulsions laboratory. 


III. RESULTS 


A list of the lines appearing in the fluorescent spectrum is given 
below. Rough estimates of the intensities are also given. Thes 
were obtained by calibrating the plate with light from a tungsten 
filament at 2,900° and estimating photographic densities visually. 
Comparisons at different helium pressures were made by using the 
helium lines in the scattered light as standards: 











No foreign gas Reid 4mm helium | 

1S-4Py3 (10). ..__-- 3, 888. 6 1S-4Pys (2) | 
3, 876. 4 1S~4P3/s (4) 

1S-2P3 (10) - ----- 8,521.3 | 1S-2P3 (10) 

2Pi2-38 faint - -__- 7, 609. 7 | 

2P3/r-3S faint. ___- 7, 944. 1 | 

2Pys-4 D3: faint 8, 761.4 } 

6, 973. 1 2Ps/2-5 Days, 2 (10) | 

6, 723. 2 2Py3-5.Dy/2 (10) 

4, 593. 2 1S-3P ys (.5) 

4, 555.3 1S-3P3/2 (.5) | 
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FIGURE 1.—Caesium fluorescence excited by a helium discharge 


a) Photograph showing infra-red lines, some foreign gas. 
b) Fluorescence obtained with 4 mm helium 
Fluorescence obtained with no foreign gas. 
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The most striking effect of the addition of helium is the appearance 
with great intensity of the doublet 2P 1 2-5D3/2, 2P3-5D3/2. 5/2: The 


> disappearance of the doublet (2P;.—-3S), (2P3.-3S) is also interesting. 


The principal series doublet 1S-4P;,2, 3 seems to attain its normal 
intensity ratio at 4 mm of helium. At zero pressure the intensity of 
1S-4P; is 10; of 1S—4P3,. is 0; at 0.6 mm of helium 1S—4P, is 4, and 
18-4P3 is 2; at 4mm 1S—-4P;,. is 2 and 1S—4P3,. is 4. 

The intensity of the first principal series line 1S-2P3/2 is not notice- 
ably changed by the addition of helium. The actual magnitude of 


intensity of this line may be greater than that observed, due to the 
' * absorption of the fluorescent radiation in the tube. 


The intensity of the fluorescent radiation varies with the caesium 


} pressure and passes through a maximum at about 0.001 mm. 
» Whether the decrease at higher pressures is due to absorption of the 
© exciting light before it reached the field of view, absorption of the 
© fluorescent radiation in the tube, or to actual quenching by caesium, 


is uncertain. 
IV. DISCUSSION 


The reasons for the appearance of the lines observed in fluorescence 


> is best seen by the aid of the level diagram in Figure 2. With no 


foreign gas in the resonance tube the 4P; . level is strongly populated. 


) The radiation transition to the 1S from this level gives rise to the 
) observed line 1S-4P;,. The transitions from 4P;,2 to all the lower 
* S and D levels undoubtedly occur, but their wave lengths lie too far 


in the red to be detected by the photographic method. These lower 


7 Sand D levels, populated by transitions from the 4P;,; level, give rise 
+ to some lines that can be detected by the use of a neocyanin stained 


plate; 2P;,2, 32-3S \= 7,944, 7,609 are observed as well as 2P;.-4D3,. 
\=8,761. These transitions, as well as the unobserved ones 2P-2S 
and 2P-3D, populate the 2P levels and give rise to the strong-line 
1S-2P3,.. The other component of this doublet, 1S—2P,,. lies too 
far in the red to be detected by the photographic plate. It is con- 
celvable that the 3P levels could be populated by transitions from 
3S and 4D, but the second principal series doublet originating from 


_them (1S-3Pi,, 32) could not be observed when a good vacuum 
existed in the tube. The fact that 1S—4P,,. and 1S-2P3,. have the 
/same order of intensity indicates that the return to 1S from 4Pi,2 
_ directly has the same order of probability as the return by the in- 
‘direct route by way of 2P. This is in agreement with the work of 
Christensen and Rollefson,> who found that the ratio of intensities 
' of the first principal series line to the second was 1.7 when the second 
/ was excited optically. 


The results obtained upon the addition of helium are best explained 


| by the assumption that collisions of the second kind in which more 
» than several hundredths of a volt are dissipated as kinetic energy 
/ are relatively improbable. 


The appearance of the strong 1S—4P3,. and 2P-5D, lines is brought 


‘about by the displacement of the atoms from the initial 4P,,. level 


to the neighboring levels 4P3,. and 5D. The 4Ps, level is 0.01 volts 


Y and the 5D levels 0.043 volts higher than the initial 4P;,. level. The 


difference in energy must, of course, come from the thermal energy 
of the colliding atoms. 








* See footnote 4, p. 13. 
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The fact that the lines 2P-3S do not increase but decrease in ip. 
tensity when helium is added indicates that the transfer of atoms by 
collision from the 4P,. state to the 3S state, 0.18 volts lower, js 


volts apart (2P:,. to 5D). A rough estimate based on the intensity 
of the strong 2P,,.-5D and the intensity at 2P3.-3S that could just 
be detected puts the ratio of these probabilities as less than 1 : 20. 

The disappearance of the 2P-3S lines can be explained by the 
decrease in population of the 4P levels by transfer of atoms to the 
D levels. Since the 3S state is populated by radiation transfers 
from the P states but not from the D states the population of the 38 
state must decrease. 

Upon the above idea the faint appearance of the lines 1S-3P,,., ,, 


to the 3P levels. It does not seem reasonable to ascribe these lines 
to collision transfer from the 4P state, since the difference in energy 
is about 0.5 volt. 


of Cario and Franck ® upon sodium vapor. They illuminated sodium 
vapor with the second principal series line and observed that the D 
lines were greatly increased by the presence of a few millimeters of 
argon. They also observed that the D light emitted in this case 
was little absorbed as compared to ‘“‘oridinary”’ D light. 

These facts were explained by saying that atoms were brought 


The difference in energy of 1.6 volts appeared as kinetic energy o/ 
the Doppler effect and, hence, were little absorbed. 

in the D light of more than 60 per cent impossible. They state that 
2P state; the most any collision process could do would be to bring 
directly to 1S by radiation) by the same process. 


of 0.2 volt as kinetic energy is not surprising. The quenching of the 
2,537 resonance radiation of mercury vapor by helium consists in the 
transfer of the mercury from the 2P; to the metastable 2P, state, 
0.22 volts lower. It is found that 1 cm of helium quenches to the 
extent of 5 per cent, indicating a small probability for the process. 


interchanges of energy between excited mercury and sodium, involving 
an appearance of more than 0.15 volts as kinetic energy, are relativel) 
improbable. 


as follows: Transfer of the sodium atom from 2Pyj. to the 2P3,2 state’ 
by a helium neon mixture and argon (AV=0.002 volts), here ever) 
kinetic theory collision is effective; quenching of Hg resonance ™ by 
argon and helium (AV=0.22 volts), for argon 0.05 and for helium 


———_—_— 









6 See footnote 3, p. 13. 
? See footnote 4, p. 13. 
*H, Kallman u. F., London, Zeit. f. Phys. Chem., B 2, p. 207; 1929. 
* W. Lochte Holtgreven, Zeit. f. Phys., 47, p. 369; 1928. 

10 E, Gaviola, Phys. Rev., 34, p. 1049; 1929, 


improbable. Thus the probability of transfer of energy between |= 
states 0.18 volts apart is much less than that between states 0.043 | 7 


down from the 3P to the 2P state by collisions of the second kind. | 


The work of Christensen and Rollefson 7 would make any increas: | 


upon the addition of helium must be explained by radiation transfer [ 





These observations seem to be incompatible with the related work | 


translation which meant that the D lines emitted were broadened by | 
63 per cent of the atoms in the 3P state return to 1S by way of the | 


about the return of the other 37 per cent (that ordinarily returns f 


The small probability of collisions of the second kind with dissipation f 


In the experiments of Beutler and Jospehi* it is also found that f 
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Some figures for the efficiency of several quenching reactions are F 4, 
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7.005 of the kinetic theory collisions are effective; quenching of the 
) light resonance of sodium " by a helium neon mixture (AV=2.1 
volts); here 0.017 of the kinetic theory collisions are effective. 

It is not possible to give a precise figure for the collision radius for 
the transfer of caesium atoms in the 4P). to the 4P3. and 5D states, 


Lae 


| since the life time of the 4P;, state is unknown. The half life of the 


Volts 





rin 


ae 





Figure 2.—Level diagram of caesium 


Full lines represent transitions observed with no foreign gas, dotted 
lines transitions observed with helium present. 


Re ee te a aa 


3 oe 2P states is probably the same as that of sodium,” 3.7 x 10° 
Bseconds. 

» Canal ray experiments show that the higher states of a series have 
ee longer life than the first state, but rarely longer than 107’ seconds.¥ 
| Taking 10-7 as a fair value for the life of the 4Py. state and 1 mm of 
#elium as the pressure at which a collision or a radiation transfer is 





' Mannkopf, Zeit. f. Physik., 36, p. 315; 1926. 
; Kirschbaum, Ann. d. Phys., 79, p. 465; 1926. 
“ Hirsch and Dépel, Ann, d. Phys., 17, p. 963; 1929. 
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equally probable, one obtains 3.1 x 10~* cm for the sum of the helium 
and caesium radii. The kinetic theory value for helium and normal 
caesium is 2.9X107-® cm. Thus approximately every kinetic theory 
collision is effective. , 

It is interesting to note that Mohler and Boeckner“ obtain very 
great radii for the quenching of the higher excited caesium states by 
caesium itself. For example, normal caesium apparently reacts with 
caesium in the 4P state with a radius which is 10 times the kinetic 
theory value for normal atoms. At 0.001 m pressure, 0.1 per cent 
of atoms in the 4P state and 20 per cent in the 6P state react with 
neutral caesium atoms to form ions instead of radiating. This 
quenching action would render difficult the study of resonance 
radiation from the higher series lines. 


WasHINGTON, February 8, 1930. 








4 See footnote 1, p, 13, 
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RELATIONSHIPS BETWEEN ROCKWELL AND BRINELL 
NUMBERS ! 


By S. N. Petrenko 


ABSTRACT 


Comparative Rockwell and Brinell tests were made on a great variety of ferrous 


and nonferrous metals. } 
Relationships between Brinell and Rockwell numbers, based on certain 


simplifying assumptions, are: 
TR — 
rinei num Der="130— Rockwell ball number 





and 
Brinell ett arareemee constant 
rine number (100— Rockwell cone number)? 

These equations were used as guides in finding empirical formulas which fitted 
most closely the values determined experimentally. Of all the experimental 
values obtained in this investigation very few differed by more than 10 per cent 
from values obtained from these empirical equations. 

Empirical equations were also found giving the tensile strengths of steels in 
terms of their Rockwell numbers. Experimental values checked these equations 
within an error of plus or minus 15 per cent. 
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I. INTRODUCTION 


Indentation hardness tests are growing in importance as a means of 
checking the uniformity of the mechanical properties of metals used 
in engineering structures and machines. 

If a metal is of uniform composition and the process of its manufac- 
ture 1s reasonably well controlled, uniform indentation numbers are 
nearly always a sufficient guarantee of its uniform quality. It is also 
found that the tensile strength of steel can be estimated from its 
Brinell number with sufficient accuracy for many commercial 
purposes. 

The indentation test is preferred to a tensile test for control purposes 


) because it is nondestructive and relatively inexpensive and because 





| This Paper supersedes a paper (B.S. Tech. Paper No. 334) with the same title and by thesame author, 
published in 1927. The present paper includes the data (Tables 2 and 3) of the earlier paper, and, in addi- 


Be tion, the results of many more tests on various heat-treated steels (Table 2 (a)), 
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it can be applied to pieces of the regular factory output. Since ay 
indentation very seldom impairs the usefulness of a tested piece, j; 
is in many cases not only possible but also practicable to test every 
piece produced. 
Brinell and Rockwell hardness tests are two of the various indent». 
tion tests which are being widely used for control purposes, and situs. | 
tions often arise in which a Brinell (or Rockwell) number is needed | 
when only a Rockwell (or Brinell) number can be obtained. In such 
cases a reliable chart or formula expressing a definite relationship 
between Rockwell and Brinell numbers is of great practical value. | 


II. PURPOSE OF INVESTIGATION 


The purpose of this investigation was: 

1. To make tests on a great number of the metals used in en.| 
gineering construction and thus obtain data sufficient for determining | 
the relation between Rockwell and Brinell numbers and also the | 
relation between Rockwell numbers and tensile strength. 

2. To determine the limits of error within which one of these nun- 
bers may be used to estimate the other number and the tensik 
strength of the material. 


III. ACKNOWLEDGMENTS 


The materials used in this investigation were contributed by the| 
following manufacturers: Aluminum Co. of America, American} 
Magnesium Corporation, Raritan Copper Works, Chase Metal Works, 
American Brass Co., Riverside Metal Works, International Nickel 
Co., Union Drawn Steel Co., Colonial Steel Co., American Rolling | 
Mills Co., Central Alloy Steel Co., Halcomb Steel Co., Firth Sterling | 
Steel Co., Carpenter Steel Co., and Wilson-Maeulen Co. 

The metallurgical division of this bureau contributed data on| 
Rockwell and Brinell numbers and tensile strengths for a great/ 
variety of steels.2 (See Table 5.) These data made it possible to! ~ 
get a more conclusive check on the errors involved in the use of the} 7 
conversion formulas. : 

Credit is due Dr. L. B. Tuckerman® for his many valuable sugges | 
tions. Prof. G. F. Rouse made the study of the diamond tool and 


edited the manuscript. 


IV. APPARATUS AND PROCEDURE 


The Brinell machine used in this investigation (see fig. 1) is provides | 
with a dead-weight relief valve for maintaining the desired load 01 | 
the indenting tool. This consists of a spherical piston accurately | 
fitted, without packing, to a cylinder connected with the pressur | 
chamber. This piston carries a crossbar, A, and weights, B. The} 
maximum pressure is determined by the weights which are lifted by 





2 See Report in Trans. of A. S. M. E., 48, p. 533; 1926; entitled ““Rough Turning With Particular Ret 
erence to the Steel Cut,’’ by H. J. French and T. G. Digges. The Rockwell and Brinell numbers !*! 
hard steels were obtained on samples (Table 5, samples I-9D to I-16B) used by Dr. Gillett, chief, met# 
lurgical division, Bureau of Standards, in his work on molybdenum and cerium steels. The compositi0 
heat treatment, and other data for these steels will be found in the book, Molybdenum, Cerium, and * 
lated Alloy Steels, by H. W. Gillett and E. L. Mack; 1925. 

’ Principal scientist, mechanics and sound division, Bureau of Standards, 
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Figure }.—Brinell and Rockwell machines 

















Rockwell-Brinell Relationships 21 


Petrenko} 





the piston as soon as this pressure is reached. The load remains 
constant as long as the piston floats. 

A standard load of 3,000 kg was used in this investigation on metals 
having a Brinell number equal to or greater than 70, and a load of 
500 kg was used on metals with a Brinell number less than 70. In 
every case the load was applied for 30 seconds. A Hultgren work- 
hardened steel ball, 10 mm in diameter, was used as the indenting 
tool. 

The diameter of each indentation was measured with a Brinell 
microscope having 0.1 mm graduations. Readings were estimated 
to 0.01 mm. 

The Brinell number was obtained directly from a table* which 
~ gives Brinell numbers corresponding to diameters of indentation. 

') The Rockwell machine shown in Figure 1 has a dead-weight loading 

* device consisting of a double lever, A, having a total multiplication 
> ratio of about 119. Materials listed in Table 2 were tested in this 
~ machine. A newer model having only one lever was used for testing 
- the steels listed in Table 3. This machine was checked on the stand- 
' ard blocks used for the older model and all readings fell within limits 

~ of plus or minus 5 per cent of depth of indentation. 

- The specimen was placed on the table of the elevating screw, C 
" (fig. 1), and was pressed against the indenting tool until a so-called 
minor load of 10 kg was acting. Next, the pointer on the indicating 
dial B was set at zero, after which the load was gradually increased 
to a maximum value, designated the major load. The load was then 
» reduced to 10 kg and the Rockwell number was read from the dial. 

; The manufacturer recommends the following tools and loads for the 
' Rockwell machine: A steel ball %. inch (1.588 mm) in diameter with 
_ 2100 kg major load, on soft and medium materials; a steel ball inch 
_ (3.176 mm) in diameter with a 100 kg major load, on very soft 

) materials; and a diamond tool with a 150 kg major load on hard 
/ materials. This diamond tool, commonly called a cone, has an 
included angle of 120° and an apex lapped to a spherical surface. The 
tool is patented by the manufacturer, and has the trade name “‘brale.”’ 
Other major loads of 100 kg and 60 kg were used with the brale and 
60 kg with the \.-inch ball in order to obtain more complete data on 
no change of Rockwell numbers with change of load or indenting 
tool. 

. The direct reading dial B is provided with so-called ““B” and “C” 

_ scales. The Rockwell ball number, designated in this paper by Rg, is 
read directly from the ‘‘B” scale. The cone number, designated in 
+ this paper by Re, is read directly from the ‘‘C’’ scale. The calibration 
| of the scales is such that the depth of indentation in mm, in excess of 

| that produced by the minor load, is (130—R,) 0.002 for the ball 
' and (100— Re) X 0.002 for the cone. 

_ There is no recognized standard for time under load in Rockwell 
s testing. In this investigation the major load was removed approxi- 
| mately three-fourths second after it reached its maximum value. 

__. Tests were made on six specimens to determine the change occurring 
> in a Rockwell number due to a variation of time under load. The 
* results are shown graphically in Figure 2. The greatest variation in 
_ average Rockwell number over a 10-second period, a decrease of 0.8 
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point, was found in the case of steel block C 24-25. The averay 
decrease in Rockwell number, 0.3 of a point, is less than the difference 
usually found between individual readings on the same specimen. 


V. THEORETICAL CONSIDERATIONS 


Some symbols used in this discussion are: 














Symbol Meaning 
Bn Brinell number. : 
akBm ——— ball number, obtained using a major load of n kg and a ball with a diameter of », 
inches. 
ake Rockwell cone number, obtained using a major load of k kg and the brale. 








Dr. J. A. Brinell, a Swedish engineer,’ defined the indentation 
> 


number which now bears his name as the ratio 7’ P being the load on 
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Time under load - seconds 


Figure 2.—Effect of time under load upon Rockwell 
number 


Circles represent average values obtained from five indentations. 
Dash lines show extreme variations, Values for zero time were 
obtained within one-half second of the instant the major load 
reached its maximum value. Identification marks on the stand- 
ard blocks are given in parentheses. 


the indenting tool in kilograms and A the surface area of the indents 
tion in square millimeters. 

The Rockwell indentation number is defined as a constant minus 
the depth of indentation. The constant and the depth are expressed 
in arbitrarily selected units. 

Investigation has shown that the Brinell number, as defined above, 
is not a constant of the test material; that is, that the area of a 


indentation is not directly proportional to the load. Many of the | 


—— 





5 Congrés International des Méthodes d’Essai des Materiaux de Construction, 2, p. 83; 1901. 
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causes for this lack of proportionality can be given in a general way, 
‘¢ | ™ but an exact theoretical discussion which involves the ratio » and 


| ® which takes into account all disturbing factors can not be given. 
When it is impossible to carry out an exact deduction of a formula 
‘relating to quantities, one may resort to experiment and establish a 
® purely empirical formula. Unfortunately, unless there is a great mass 
of well-distributed data, the purely empirical formula is, at best, often 
q unsatisfactory. Whenever it is possible to make assumptions which 
"are approximately true and which simplify the problem so that an 
) approximate formula can be derived, there is an obvious advantage in 
carrying out the derivation because the resulting approximate 
) {formula is a valuable guide in finding the most satisfactory empirical 
~ — S formula. 
In the present problem the simplifying assumption is Brinell’s 
1 original assumption that the area of an indentation is always directly 
"proportional to the load. Using this, it is possible to derive approxi- 
mate formulas for converting Rockwell numbers into Brinell numbers 
Sor vice versa. 
| Applying the definition of the Brinell number to the Rockwell ball 
test: 








vi 


biperaisees 


a major load os ee (1) 
"= surface area of indentation 2arH 





Wada Aad eabaBhaae 


twhere P is the major load, r the radius of the indenting ball, and H the 
‘total depth of indentation. Let the depth of indentation due to the 
»minor load only be denoted by fy and leth=(H—hy)). Then, assuming 
)that the area of indentation is directly proportional to the load, 


; Hi. P 


H=(H-h)- 


P 
ae 


But h= (130— Rg) X 0.002 
P 


H= (180 — Rs) X 0.002 X B45 ; 


PTE RNAI ra SA 


“4 

Bubstituting in“equation (1) 

: P-10 
: Bn=5—i30—R) x 0.002 (2) 


3 





Lae ; - 
, Equation (2) can be written: 


us f j Z C 

iP Bn=T30—Re) 7 
Where 
re, : ‘P—10 


7" | @ ms (0.002) (4) 
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The value of C corresponding to any particular Rockwell ball teg 
is easily found. For instance, considering the sing case, in whic) 
a ball \, inch in diameter is used with a major load of 100 kg 


AERC. Ley Rann 9.020 

27 - (0.794)- 0.002“ 
__9,020_ 
130 a roolt pin6 

Values of C corresponding to the other Rockwell ball tests hay 
been calculated, and all equations are shown in Table 1. 

Assuming that the brale is a true cone and applying the definition 
of the Brinell number to it: 


C 


cA Bn= 


major load P 


Bn=—— 


surface area of indentation 7 tan 0 sec 6H? 
where P is major load, 7 the total depth of indentation, and 6 one-hal! 
the angle of the cone. 


TaRLE 1.—Approzimate relationships between Brinell and Rockwell numbers has: 
on the assumption that area of indentation is directly proportional to load 




















Rockwell 
in catia ACERS | Theoretical relationship 
Tool Load | 
i 
inch (1.588 diamet ho | B 9,020 
Ball, 1/16 inch (1.588 mm) diameter — 
Ball, 1/8 inch (3.176 mm) diameter- -_-- 100 | Bn=;; 4,510. =" 
130—100 R318 
; a i 5,010 
Ball, 1/16 inch (1.588 mm) diameter - - -- 0 | Ba=-——_. — > 
130—¢0# 11/16 
Brale, diamond, true cone having a 120° 150 | Bn= 1,800,000 _. 
angle, (100-1508)? 
1,074,000 
DR Wisc ask sian’ 100 es idl. a 
——_ 
483,000 
Tiss nkrcnctpnannidabidecetuessnecs 0 | Pew 
Bn=700—eRo)? 
Case I - - - For 1c greater than (100—466.7 S). 
1,492.9 
Bn="<(i00—10Fo) 
Case Il - - + For isRc greater than (100—2,953 S) ant 
} less than (100--466.7 S). 
| | 150 


Bn=46,895?-+-10.882 (L?44.308SL) 


L is obtained in terms of 19Rc and S from: 
L2+-(4.308S) L+4.308S (S—15h0) =0 


and 
(100 —1s0Fc) X0.002 = L+S—ho. 


ical segment of altitude S, angle of 


Brale, diamond, the apex being a spher- 
150 
conical portion 120°. (See fig. 3. 


| 
| Case III - - - For s0Fc less than (100—2,953 S). 
150 
|| B"=46.80 S-10.882(L7-+4.308SL) 
| L is obtained in terms of isc and S from 
2+ (4.3088) L —[60.325,S2+-15(d?+-4.308Sd) ]=0 
| and 
(100—150Fc) X0.002= L—d. 





| 
| 





10F B1/16=2 X100F Biss — 130 
100F B1/16= 1.800 X oF a1/15— 104 
10 c=1.491 Xo c—49.1 
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~ ‘ ° 
For a 120° cone, 


Bn 4 r 


~ a + tan 60° - sec 60°- H? 10.882H 





(5) 


> If we assume that, in this case also, the area of indentation is 
) proportional to the load, 


4 Majorarea_H? (h+h,)’?_ P 








Minorarea f?2, 12, 10 


(6) 


A+h, [FP 
: he WV10 





and ‘ 
h? 


“e's 
| oh 


v 


If 


Using this value of H? in equation (5) 
P 
Ba=—— reo 


i 
9 =: = » gue 

10.882 X75 710 
10 °| 


“10fy/5-1} 


~ 10.882h? — 


(vP— 10) 
| ~ 10.8821? 
Now 
h=(100— Re) < 0.002 


Ran (WP ee y10)? | ee 
10.882 (100— Re)? « (0.002)? 


This equation can be written: 
— (7) 
(100 — Re) 


10.882 X (0.002) 


Bn 


/ where 


C, 
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Considering the j;/¢ case, in which the major load is 150 kg, 


(150-70) 


Ci= 70.882 x (0.002) 
= 1,896,000 
and 
Bn = __12896,000 


~ (100— sgoltc)® 


A list of equations for all of the cone tests is given in Table 1. 
The diamond indenting tool furnished with the Rockwell machin 


by the manufacturer is not a true cone, as assumed in the discu. 
sion just given, because it has a rounded apex approximating in for § 


a spherical segment. A theoretical discussion for this form of to 


when used with a 150 kg major load will now be given. (Refer ye” 


fig. 3.) 


s 
4 
aR 
cd 
& 
; 


iT! 


Assume that the rounded portion of the brale is a segment of :— ” 


sphere of radius r, Let hy represent the depth of indentation pro. 











Notation: r, radius of spherical eral distance QA 
S, dstaxe 8C; $=0./34r 
& distance 8D; €* 0.28877 = 2.1545 


FicureE 3.—Form of Rockwell brale 


duced by the minor load of 10 kg and /; that due to the major loa F 


of 150 kg. 
Three cases must be considered : 
1. The major indentation is spherical; h, is less than S. 


2. The minor indentation is spherical, while the major indentation f 


is partly spherical and partly conical in form; hp is less than S, while ii 
is greater than S. 

3. The minor, as well as the major indentation, is partly spheric 
and partly conical in form. Both a and h, are greater than S. 

It is assumed that the surface area of an indentation is directly 
proportional to the load producing it. 


The area of a spherical segment having sagitta S and radius rs & 


Qars. 


For a 120° cone the lateral area of a zone having a section ABE: § 


is 10.882 (L’+ 2/L), L being the vertical height of the zone. 
Case I.—Since both the minor and major indentations are spher: 
C , > h 1 T a] tl )I 
e-, “eer the relatiol 
between Bn and inc. (See equation (3), p. 23.) 


cal an equation of the form Bn= 
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; r 140X0.134 1492.9 cae 
For this particular case C= 2725x0002" S” and the relation is 


Bn= (9) 





S (100 — js0f%c) 


This equation holds for values of ; o/c greater than (100 — 466.78). 
' This value of joc is obtained by combining the equations: 


depth of minor indentation fy 10 
depth of major indentation S 150 





and 


Case II.—By definition 














150 
7 Bn= 57S + 10.882(L? + QL) 10) 
) where L=h,—S. 
' Substituting values for r and / in terms of S, equation (10) becomes 
150 
Bn= FEROS" 10.882 (12+ 4.308SL) ais 
_ In order to find a value for the variable L in terms of ;;.¢ two other 
_ equations must be written. These are: 
Major area 2arS+ 10.882(L?+2I/L) _ 150 
Minor area — 2arho ~ 10 
/ which reduces to: 
: L?+ (4.3088) L + 4.308S(S— 15hc) =0 (12) 
and 
By eliminating ho) from equations (12) and (13) a value of Lis 
' obtained which can in turn be substituted in equation (11) to get an 
t i expression containing Bn, jofc, and S. This expression would be 
‘fF complicated, and it seems simpler to use equations (11), (12), and 
‘f ) (13) as they stand. 
3 These equations hold for values of hy greater than 0.0666 S and 
_ less than S. The first limit is determined by the fact that the depth 
. the major indentation just equals S when the depth of the minor 
3 indentation, or ho= Te The second limit is fixed by the definition of 
4 this case. 
| : Case IiI.— 
Bn 150 





~ DarS + 10.882 (L? + 2IL) 


150 
~ 46.89S?+ 10.882 (L? + 4.308SZ) 
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The equations needed to solve for L are: 


° 2 
Major area 2a7S+10.882(L?+2IL) 150 (where d=hy— S) 


Minor area 2arS+10.882(d?+2ld) 10 





which reduce to: 
LT’ + (4.308S)L — {60.325S? + 15(d@? + 4.308Sd)} =0 (15) 


and 
(100 — ys0f%c) X 0.002 = L—d (16) 

Equations (14), (15), and (16) can be solved simultaneously t 
obtain an expression in Bn, jsf%c, and S. In this case it also seems 
much simpler to use the equations as they are given. 

These equations hold for all positive values of d. 

Values for 5c and Bn in terms of S given in columns 4 and 5 o/ 
Table 6 were calculated by means of equations (9) to (16). 

By equating values of Bn given in Table 1, relationships between 
the Rockwell numbers are obtained. For instance, using the ‘rst 
two values for Bn: 


9020 4,510 
(130 — ioof 1/16) (130 — yoof a1 /8) 


10F a1 16 = 2X 100 Bis — 130 


The more important equations obtainable in this way are given in 
Table 1. 

Attention is again called to the fact that the formulas discussed 
above and listed in Table 1 are only approximately true. As will be 
shown later, empirical formulas, like these in general form, fit exper- 
imental data quite satisfactorily. 


VI. EXPERIMENTAL DATA 





or 


The specimens used in this investigation are listed and described 
in Tables 2 and 3. Experimental Rockwell and Brinell numbers for 
specimens listed in Table 2 are found in Table 4. The Brinell and 
Rockwell numbers for the heat-treated steels are found in the right- 
hand columns of Table 3. 








TABLE 2.— Materials used for Brinell and Rockwell tests 
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TaBLE 4.—Rockwell and Brinell sotgneaiies numbers for materials described i 
able 


I. FERROUS MATERIALS 
























































{ a ees 
Sample No. Bn 10R pie! | r00F?Bi/s? oR B16 10Re * 10R ¢ wk, 
china 
98 55. 2 91.8 90. 1 —24.0 8.0 ai 
125 68. 2 99. 1 96. 8 —6.7 20.0 ry 
129 74.0 102.5 99. 0 —5.0 23.6) 
156 oe COO, SE EERE it [ar eink Ses » 
178 85.3 106. 2 105. 0 wa) wks a 
192 91.0 | 
204 92. 6 
204 94.9 
212 93.8 
216 94.0 
Rccentnnsnnncisnbeiniggicn 224 96. 4 113. 1 111.7 20.0 40.1}... 
RS A 225 98. 4 113. 2 112.0 19.7 42. 4 | i 
ee es, 225 98.0 114.0 112.3 21.6 42.2 |. i 
ener sae: 226 96.8 | 112.8 111.1 22. 2 42. 0 a 
Dl jt ptiéetiacdespbagen 230 96. 8 112.1 yt Beg 19.1 41.2 rt 
| Ear Coe One ee 232 97.2 114. 2 112.2 22.0 42.5 |. 
SS Pee 239 98.0 112.6 111.9 21.2 42.0 |. 
ea 248 97.6 113. 5 112.5 22.5 4) Seer 
See ee 256 102.3 116. 2 114. 6 27.7 46.0 tt 
RRS 268 104. 6 117,1 116. 2 28. 4 48.1 fi 
ee 339 108. 0 118.8 117.4 36. 8 62.1 i 
vkaiecucananiidbne 367 111.6 121.4 120, 2 41.9 56.8 1 
Il. NONFERROUS MATERIALS 
28. 0 (4) —3.0 —25.0 (4) (4) “d 
42.0 —39.0 35. 6 35. 0 3 (4) 
43.4 —40.0 42.0 39. 0 (4 (4) ‘ 
Ee eee 43. 5 (4) 46.0 34.0 (4) (4) 
OD. + Siwsnsanantimeacss 50.3 —15.0 59. 6 53.5 (4) (4) 
Sete Seas 551.4 9.5 66. 1 64.9 (4) (4) pt 
es ee ee 56. 8 4.1 70. 1 62.7 (4) (4) 2 
a eae 61.3 20. 0 75. 0 70. 4 (*) —12.0 & 
a ee 67.7 25.0 81.0 77.0 6—35. 0 0 
PCOS SEE: 72 36. 5 76.7 76.0 (4) —6 i 
ee Ser 7 33.9 86.5 79. 2 —365.0 0 it 
ee ae 95 61.1 86.8 85. 0 —29.0 6.0 4a 
a 103 58. 4 90. 7 90. 2 —21.0 12.3 { 
eee eee lll 65. 2 93.9 93. 1 —15.0 14.9 st 
eee 123 69. 9 98. 1 97.2 —8.8 19.3 4 
isn wliknwuecinarcitoam 126 72.8 102. 1 99. 0 —3.0 22.8 fi 
ee ee 132 74.3 99. 0 98. 6 —6.1 21.8 7 
EE a OEE 147 78.5 101.9 100. 5 1.0 27.1 a 
aes esting 174 88.8 110.7 108. 1 13.1 36. 3 
a iediigans 218 98.3 114.3 112.4 21.8 42.0 a 
1 Standard Rockwell B number. 4 Too soft. 
2 Standard Rockwell E number. 6 For 3,000 kg load Bn=65. 
§ Standard Rockwell C number. 6 About. 


. Table 5 contains data obtained in the metallurgical division of tli 
ureau. 

All tensile-strength data were obtained on A. S. T. M. standat 
specimens (0.500 inch diameter, 2-inch gage length). 

All steel specimens were machined before an indentation was matey 
Certain tests made on nonferrous materials showed that resili 
obtained on the rolled surfaces differed a negligible amount int 
those obtained on machined surfaces. Therefore in many of Ui 
tests on nonferrous materials indentations were made on the rolti™ 
surfaces of the specimens as received from the manufacturer. 








a) EN AR EGTA Ti 











rent} Rockwell-Brinell Relationships 35 
The Rockwell indentations on each specimen were located between 
d near the Brinell indentations. Each experimental indentation 
umber listed in the tables is the average obtained from at least four 
ndentations. 

The following study was made on each of five Rockwell brales. 
By means of a contour measuring projector giving a magnification of 
34, shadow of the brale was formed on a screen, the shadow being 
projection of a cross section of the tool through its axis. The out- 
ne of the shadow was carefully traced. A second and a third trac- 
¢ were obtained after the brale had been rotated 60° and 120°, 
spectively, about its axis, 


a ABLE 5.—Data on steels furnished by metallurgical division, Bureau of Standards 























Experi- 

Sample No. o/s 10R B1/16 150R 0 — 

strength 

| 

| Lbs./in4 
Pe scece , 500 
tt 69, 200 
70, 000 
69, 500 
fi 82, 500 
J 84, 500 
84, 500 
85, 000 
91, 000 
— 87, 300 
y: : 86, 500 
, et: 77, 500 
Ny oan 87, 300 
. 5. | 83, 000 
7.2 86, 000 
a ee ee eS TY Jo, SIME Pt gece 170 Oe se 92, 500 
| PREFS ys. ea ere ree 173 nf ed acer ae 91, 000 
“ EE, Fo SRT... ahs PITS 173 oe ae RS 84, 500 
_ SS ee eS Sa i, ee Henry: 174 eS 92, 000 
; _ aS * EEF NS OAS 174 eg ee IES 77, 500 
t ee ae ee | Nes OEP: Heer 175 91, 000 
a 7... 180 91, 500 
181 93, 000 
181 92, 500 
184 92, 500 
187 92, 000 
189 93, 000 
191 93, 500 
192 96, 000 
193 92, 000 
194 98, 000 
195 97, 000 
197 103, 000 
197 92, 000 
197 99, 500 
198 93, 500 
199 99, 000 
204 102, 000 
j 207 103, 500 
ndani 209 101, 500 
; 209 ee 101, 500 
mace 215 98.7 16.8 102, 500 
Sa 22h oan a9 ond agin enn neuenapapedsdacuaman 223 i ee 100, 000 
este SERRA dnchiivedns shotmutinudetandetecxwecwcenewesnn 226 100.0 20. 2 113, 500 
frou Byer anh Rin ak cent nen en mmr er at gre sen San eed 229 98. 4 21.3 114, 500 
vf the Soden eee ee 229 a 116, 000 
i agen sn anna anes aenennescansmnschondenewennenennst 229 "aaa 115, 000 
rout ‘gE RAS CE: 229 99. 5 21.1 115, 500 
ieee ee ee eae 229 Tt eae 107, 600 
tela ge LSE, 229 | aaa 107, 000 
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TaBLe 5.—Data on steels furnished by ee aaa division, Bureau of Standariy. 
ontinue 





| Exper. 

Menty 
| tensil 
| Strength 


wRo 





a, 


Lbs jin: 
12h, Wy 
1G 
1A 
1B 
13 i 
18, iy 
17,4 
13 iy 
124 i 
12 


| 


edb sdth noetnkniandsdba sgn decteaenasetees stan 


= 
Sdabatedss 
omnw oo ee 


B 
Cweo CK OK SR KH OwWO 


82 £888 


w 
a 
SESE SEESE BESBE BSESE NSNBR NENSE SERN RERRE 


SSSS8 & 


SSe SSESs 


7 
0! 
3 
8 
2 
8 
2 
6 
6 
6 
8 
4 
7 
0 
7 
2 
0 
1 
8 
5 
5 
3 
4 
0 
6 
5 
5 
9 
4 
2 
4 
0 
4 
2 
2 
8 
5 
9 
4 
6 
9 
5 
0 
0 
1 


— 





Oo oo 
a od 
an) 

















2140 


om 





Rockwell-Brinell Relationships 37 


TasBLeE 6.—Table of values for diamond brale 























For S=0.0224 mm For S=0,.0291 mm 
Rockwell C a 
L number load — 
150 kg Bn | we mm Bn | we wiley 
VBn VBn 
Brinell o | 100 0 o} 100 

Rockwell C | number |/33,324 | 98 0.0055 | 25, 651 98 0. 0062 
num varies 16,662 | 96 . 0077 | 12,826 96 . 0088 
santitin ten varies from from 11,108 | 94 0095 | 8, 550 94 . 0108 
(100-466.7 S) 3.199 8,331 | 92 0110 | +6,413 92 0125 
to 100 iS) 6,665 | 90 0123 | 5,130 90 0140 
tore 6,378 | 89.5| .0125] 3,778] 86.4] .0163 
0.049 S| 100- 489.5.S | 3.048/S? | 6,075] 89.0 0128 |} 3,599 85.8 | .0167 
.453 S| 100- 676.0 S | 2.133/S? | 4,251 84.9 0153 | 2,519 80.3 | .0199 
1.012 S| 100- 931.0 S | 1.422/S2 2, 834 79. 1 . 0188 1, 679 72.9 . 0244 
1.487 S | 100-1,143 S| 1.066/S? | 2,125] 74.4] .0217 1, 259 66.7 | .0282 
2. 286 S | 100-1,493 S 711/S 1,417 | 66.6 | .0266 840 56. 6 . 0345 
_| 2.963 S | 100-1,781 S 533/S? 1,062 | 60.1 . 0307 629 48.2] .0399 
3.559 S } 100-2,030 S 427/S2 851 54.5} .0343 504 40.9} .0445 
4.100 S | 100-2,250 S 355/S? 708 | 49.6] .0376 419 34.5] .0488 
4.596 S | 100-2,448 S 305/:S? 608 | 45.2] .0406 360 28.8} .0527 
5.059 S | 100-2,630 S 267/S? 532 | 41.1 . 0434 315 23.5 | .0563 
5.494 S | 100-2,797  S 237/S2 472 | 37.4) .0460 280 18.6 | .0597 
5.905 S | 100-2,953 S$ 213/S? 425 | 33.9] .0485 251 14.1] .0631 
| 6.306 S | 100-3,108 S 193/S? 385 | 30.5] .0510 228 9.7} .0662 
| 6.705 S | 100-3,253 S 176/S? 351 | 27.2] .0534 208 5.3 | .0694 
7.103 S | 100-3,402 S 161/S? 321 23.8 . 0558 190 1.0] .0725 
| 8.293 S | 100-3,846 S 127/S2 253 13.8 | .0629 150 | —12.0} .0817 
































1, 492.9 
or Case I corresponding values of Bn and isfc are calculated by use of the formula Bn= 500—iwoRo) ° 


A circle was then drawn for each tracing, fitting as closely as pes- 
ble the curved portion. The lines bounding the par 9 ortion 
bre extended to determine the point D. (See fig. 3.) Values of 
Sey r could then be determined. These data are found in 
pble 7. 
The extent to which the experimental Brinell and Rockwell num- 
s obtained in this investigation may have been influenced by 
uliar characteristics of the particular machines used is not known. 
No attempt was made to find and interpret any systematic differ- 
es in the experimental values for steels which might result from 
ferent treatments. A. Heller ® has shown that depth of hardening 
a very important factor to be considered in deriving conversion 
mulas for steels. 





merican Machinist, Apr. 4, 1929. 
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TABLE 7.—Data on Rockwell diamond brales 





Ce Angle of S calculat- 
Manufacturer’s No. Position ! cone ri ed hem? 








° ’ 


120 0 
120 6 
120 18 


119 55 
119 51 
120 3 


120 1 
120 1 
120 18 





+0315 ‘0265 
"0315 ‘0264 


one one one wrno=— one 
S88 888 855 #88 5828 




















ee, 


1 The brale was turned into position 2 from position 1 by rotating it 60° about its axis. An addition 
60° rotation brought it into position 3. 
2 The meaning of the notation used in this table is given in fig. 3. 


VII. CORRELATION OF APPROXIMATE THEORY AND 
EXPERIMENT 


When one plots the first three equations of Table 1 using values, 


Rz and = as coordinates, straight lines are obtained. Likevwis, 


. . " . ° | 
the second three equations give straight lines if values of R, and >; 


i) 


‘ 
are used as coordinates. Graphs of the first, second, and fourth ¢ 
these equations are shown by dash lines in Figures 4 and 5. 

The curve forming the upper boundary of the shaded area in Figur 
5 was plotted from data found in columns 7 and 8, Table 6, and th 
curve forming the lower boundary was plotted from values found i 
columns 10 and 11. 

The upper curve gives the theoretical relationship between Bn ani 
isoltc for a brale in which S= 0.0224 mm, and the lower curve does tl 
same for a brale in which S=0.0291 mm. These particular values( 
S were chosen merely because they were the minimum and maximw 
values found in the study of the five tools and may represent # 
extreme variation in S. Average values would show less variatio. 

Certain facts are made evident by an inspection of the theoretic 
straight line curve (for a true cone) and the theoretical curves bount 
ing the shaded areas. a 

The effect of the spherical portion of the brale upon the theoretic 
relationship between Bn on isoltc is quite small for jsf =10, bi 
gradually increases and becomes quite large at js fc¢=70. | 

If two brales are used having different values of S, the effect 
this difference in S is quite small for ,;.%¢=10, but becomes conside 
ably larger at j¢=70. 7 

Thus the theoretical value of Bn corresponding to igftc=7 
1,678 for S=0.0224 mm and only 1,460 for S=0.0291 mm. 

Experimental values taken from Tables 3 and 4 are plotted 
Figures 4 and 5. Considering Figure 4, we see that the points “ 
not fall along the theoretical straight lines, but that their met 





S88 S88 85S 888 452: 
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dition, 
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ositions are determined fairly well by the two full lines. Since 
, . . C 
hese are straight lines, equations of the form Bn=730—R) can be 
B 
sed as conversion formulas. The numerical values to be substituted 
or C are the reciprocal slopes of the experimental curves. Thus, the 


es 


8 


3 


: 
\ 
g 
iS 
2 
c 
S 
Q 


© Ferrous materials — 
©- Non-ferrows materials 


Bd 


wo 
Rocxwell number 


Fiaurg 4.—Relation of Brinell numbers to Rockwell ball numbers 


pciprocal slope of the wolt zine line is 50007 7,300, and the equationis: 


___ 7,300 
(130 — rooF sie) 
agian (a), (b), and (c) of Table 8 were obtained in this way. 


hick jo perimental points plotted in Figure 5 determine a curve 
ch is displaced from the theoretical curves. As would be expected, 





Bn 
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its general form is like that of the theoretical curves for a brale yij 
a spherical apex. fas 
his curve was used to determine the empirical equations: 


Bn = 1:520,000 — 4,500 is0fte 
(100 — 150fc)? 


Bn = 20000 — 18 (57 ~ ssolte)” (d) and (i 
100 — isokte Table § 

which hold in the ranges ;/¢ greater than 10, less than 40 and ,,2 

greater than 40, less than 70, respectively. . 


TaBLE 8.—Empirical relationships between Rockwell and Brinell indentaiy 
numbers 


7,300 For joofgiji6 greater than 40 and less than 100. 


(a) Bn=>5,——5——} Error to be expected not greater than plus or minus! 
130—00F gisis per cent. 


3.710 For joo/¢z1/s greater than 30 and less than 100. 
Bn=730— Ran Error to be expected not greater than plus or minus | 
130 —100F sis per cent. 


Bn=~= 4,030 
130— elaine 
1,520,000 — 4,500 isofc | For iso/c greater than 10 and less than 40. 


Error to be expected not greater than plus» 
(100 — isofc)* minus 10 per cent. 


\rhis load is not recommended by manufacturer. 


Bn 








Bn Error to be expected not greater than plus 


minus 10 per cent. 


25,000 — 10 (57 — yoRc)? For isc greater than 40 and less than 7). 
ition isoltc)? 


100 — sic 


768,000 |... . 
Bn= 99 oR} This load is not recommended by manufacturer. 


— __ 333,000 \ al ale ' 
Bn=00—wRo? This load is not recommended by manufacturer. 


1002? g1/16= 1.97 X soo a1/s — 126 
1002? g1/16= 1.81 X wh aijis— 105 
10ftc= 1.518 X wRc— 51.8 


The general form of the first of these equations was suggested |) 
the fact that for values of js0/% less than 40 the experimental cur 
is very nearly parallel to the theoretical straight line. For value 
of isftc greater than 40 the spherical portion of the brale has a ve" 
noticeable effect. This was an indication that the general form 
the second equation should be like that for a ball indenter. _ 

Equations (f) and (g) of Table 8 were obtained by following t 
procedure used in getting equations (a), (b), and (c). In place! 
each of these equations we should very likely have two equati0 
similar in form to (d) and (e). There was not sufficient data availabi 
for checking this point. 

The last three equations of Table 8 were obtained by equaitil! 
values of Bn taken from this same table. These equations differ ve" 
little from the corresponding theoretical equations of Table 1. + 
graphical comparison of two cases is made in Figure 6, 
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Theoretical curves: 
TA BNi59- 120 


fc 
&8- for Brale ie tip isa spherical 
segment having altitude 0.0224.mrm. 
—C- for Brale whose tip isa spherical 
segment having altitude 0.0291 mm. A 


= A % 
Panty Z 
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Z 
p. 
Jf experimental curve 
- Re -10 (57 - 130 
e Ka sip00 tos? — a0 
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Bn= a an ae 
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Frockwell € number-load 150 Hg. 


Ficure 5.—Relation of Brinell numbers to Rockwell cone numbers 
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Figure 6.—Comparison of Rockwell numbers 
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A comparison of Tables 1 and 8 shows that in every case: 

(Bn) theor x (130—Rg) theor>(Bn) expt X (130—Rz) expt a 
(Bn) theor x (100—R-)? theor>(Bn) expt x (100—Re)* expt. 1, 
explanation for this is in part as follows: . 

1. The flattening of the Brinell ball due to compression probgtj; 
results in an area of indentation larger than one would obtain with, 
rigid ball. Consequently (Bn) theor>(Bn) expt. 

2. Elastic recovery of the material and deformation of the indentiy 
tool due to compression tend to make the Rockwell indentation shy. 
lower than it would be if the material were perfectly plastic and ti; 
tool rigid. As a result: 


( Rs) theor< (Rg) expt and (Re) theor< (Re) expt 
or 
(130 — Rg) theor >(130 — Rg) expt and (100 — Re) theor> (100 — Re) exp, 
VIII. ACCURACY OF EMPIRICAL CONVERSION FORMULA 


The range of values of Brinell and Rockwell numbers (stands 
loads and standard tools) for which each of the experimental conve. 


400 
0% 


ts 
8 


8 


\ 
250 
uss 
~ 
a 


S 
Ss 


o~ Ferrous materials 
®- Non-ferrous materios 


— range of Brine/{ 
purnber 


range of Mochwell B nvuinber 


5 10 20 30 40 50 60 70 80 90 100 110 120 
Fockwell 8 number - Ball % inch dia ; load 100 kg. 


Figure 7.—Ezperimental relationship between Brinell numbers and Rock- 
well ball numbers, ball diameter ie inch 


The ranges indicated are those over which the empirical conversion curve may be applied with 
the expectation of no error greater than 10 per cent. 


sion formulas can be used and the maximum error to be expected cal 
be obtained by an inspection of Figures 7, 8, and 9. 

In these figures broken-line curves have been drawn above abi 
below the curves plotted from the empirical equations and marke 
plus 10 per cent and minus 10 per cent. Values of Brinell numbe 
used in plotting these curves were obtained by adding to and sub 
tracting from Brinell numbers read from the empirical curves 10 pe! 
cent of their value. 

As indicated in Figure 7, the formula 


7,300 


ee ald 
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n be used for the range of Rockwell B number (ball \¢ inch di- 
eter; load 100 kg) from 40 to 100 or of Brinell number from 80 
, 40, All of the experimental _—_ in this range fall within the 
) per cent limits. The upper end of the range is set at ioofs16= 100 
ven though there seems to be good agreement between theory and 
xperiment for larger values of jofsine. This is done because the 


~ 
g 
S 
Q 
~ 
8 


70 80 90 100 uo 120 
Frochwel! B nurnber - Ball 3 inch dia, load 100 kg. 


Ficure 8.—Ezperimental relationship between Brinell numbers and Rockwell 
a ball numbers, ball diameter % inch 
The ranges indicated 


are those over which the empirical conversion curve may be applied with 
the expectation of no error greater than 10 per cent. 


e elative effect of an error in jofsine—that is, the ratio of the error 


(130 — ooRa1 ns)—is very large when jof?sing is greater than 100. 
As shown in Figure 8 the formula 


Bn=— 32110 
130 — joo a1 /3 


holds about equally well throughout the range of Rockwell B number 
ball % inch diameter; load 100 kg) from 30 to 100 or of Brinell 
bumber from 40 to 125. The check on the accuracy of this formula 
8 not conclusive because of insufficient data.” 

» As shown in Figure 9, the formula 





By = 12520,000 — 4,500 X ole 
(100 — is0ftc)” 


holds for the range of Rockwell C number (load 150 kg) from 10 to 
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40 or of Brinell number from 180 to 370. Ninety-five per cent fh 
the experimental points fall within the 10 per cent limits. : 
Likewise, the formula 
By wx 251000 —10 (57 — ol)? 
eit 100= isle 


holds for the range of Rockwell C number (load 150 kg) from 404 
70 or of Brinell number from 370 to 770. All experimental poi; 
in this range fall within the 10 per cent limits. 
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Frockhwell C number -had ($0 kg. 
Figure 9.—Experimental relationship between Brinell numbers and Rock- 
well cone numbers 


The ranges indicated are those over which the empirical conversion curve may be applied with 
the expectation of no error greater than 10 per cent. 


IX. RELATIONSHIP OF ROCKWELL NUMBERS TO TENSIL! 
STRENGTH 


Earlier investigators ’ have established the fact that a rough pi 
portionality exists between the tensile strength of steel and its Brine 


number. 
The equations sometimes used in calculating the tensile strengt! 


of steel ® are: - 
Tensile strength (lbs./in.?) =515 Bn for Brinell numbers less than 17 


——__ 


Tensile strength (lbs./in.’) = 490 Bn for Brinell numbers greater than 1/1. 





’ Die Brinellsche Kugeldruckprobe, P. W. Déhmer, Berlin; 1925. 
§ See Die Brinellsche Kugeldruckprobe, P. W. Déhmer, Berlin, p. 48; 1925. 
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Since an empirical relationship between Bn and jofsine has been 
yund (see Table 8) the above equations can be transformed to read: 


; , 3, 760,000 
' } Tensile strength (Ibs. /in.”) = ee oe for jool?p1 16 less than 88. 





. 3,580,000 
ensile strength (1bs./in.?) = 150 — sesMoane for ioof?sing greater than 88. 





The dash lines in Figure 10 are the graphs of these equations. 
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Fochwe/! B rumber- ball inch diia., load 100 kg. 

FiaurE 10.—Ezperimental relationship between the tensile strength 
of steel and Rockwell ball number, ball diameter Ye inch 


The ranges indicated are those over which the empirical conversion curve may be 
applied with the expectation of no error greater than 15 per cent. 


62 6&4 


The full line curve in Figure 10 is the graph of the empirical 
uation: 
4,750,000 — 12,000 X oof ai ns 


Tensile strength (Ibs./in.?) a, «7% 
1004" B1/16 


@e general form of which was suggested by the last two equations 
# ven above. None of the experimental tensile strengths differ from 
brresponding values obtained from this curve by more than 15 per 
fut. It is suggested that this equation be used over the range of 
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Rockwell B number (ball \¢ inch diameter; load 100 kg) from 9 ;, 
100 or of tensile strength from 80,000 to 120,000 Ibs./in.?. 

If values of Bn in terms of jsf (see equations (d) and (e), Tables 
be multiplied by 490 the following expressions are obtained: 


5 — 
Tensile strength (lbs. /in.?) = : me Oe for 150/¢cless than 4 


490 (25,000 — 10(57 — js0Rc)*) f 
100 — ole OF il, 





Tensile strength (lbs./in.*) = 
greater than 40. 


These equations are plotted in Figure 11. 


340008 


PELE 


za 8 § 
88 8 


strength-40Bn« 
10°(7450 -22 180 Pt Ls 


y00~ y-— 00 


— 
P . 0° (7000 10180 Fe, 
Tensile strength ee 


x 
= 
& 
: 
: 
z 


BE 


range of tensile 
strength 


° 
-— 


& 
8 


\ 
\ 


range of Fockwel/ C number 


20 50 & 


I0 4 
rockwell C number — foad 150 hg. 

Ficure 11.—Ezperimental relationship between the tensile strength of steel 

and Rockwell cone number 
The ranges indicated are those over which the empirical conversion curve may be applied with 
the expectation of no error greater than 15 per cent. 
The full line curve in this Figure 11, which seems to satisfy th 
experimental data better than the dash line curves, especially in tl 
range above j= 40, is a graph of the empirical equation: 


10°(7,000~10 X sl), 
(100 — 50L%e)? 


None of the experimental values differ by more than 15 per cent {ti 
corresponding values read from the full line conversion curve. 12 


Tensile strength (lbs./in.”) = 
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accuracy is about the same as that holding in a conversion from 
Brinell number to tensile strength.” 

It is suggested that this curve be used only over the range of Rock- 
vell C number (load 150 kg) from 10 to 40 or of tensile strength from 
90,000 to 190,000 lbs./in.?._ The experimental check on the curve in 
he range above j0/%¢=40 is not sufficient to warrant using it as a 
onversion curve. With the exception of the two aluminum alloys 
(Nos. 11 and 12), which fall in line with the ferrous alloys, the non- 
ferrous alloys showed no definite relationships between tensile 

strengths and Rockwell numbers. This was to be expected in view 
of the failure of previous investigators to find definite relationships 
or nonferrous metals (with the exception of aluminum alloys) be- 
ween tensile strengths and Brinell numbers. The recent work of 

“Schwarz” indicates that no general relationship between tensile 
strength and a single indentation number is possible, the approximate 
proportionality existing for steel and duralumin being the result of 
heir relatively high elastic ratio. 


X. RESULTS OF EARLIER INVESTIGATORS 


The desirability of having some means for comparison of the Rock- 
well and the Brinell numbers was recognized with the increased use 
%p{ the Rockwell machine. During the last few years several investi- 
ations have been made for the purpose of obtaining the experimental 
telationships between the Rockwell and the Brinell numbers. The 
“Summary of these investigations and the principal results obtained 
pre found below: 
» 1.8. C. Spalding, Transactions of the American Society for Steel 
Treating, October, 1924. 
' The experiments were made on steels having a tungsten content 
"of about 17 per cent and drawn at different temperatures. The 
Mesults shiek that within the range Bn greater than 300 and less 
“than 650 the Brinell number is linearly related to the Rockwell cone 
“number. No conversion formula was recommended, but the rela- 
Mhonship between the Rockwell cone number and the Brinell number 
may be roughly expressed by the equation 


Bn = 12.55 — 137 


», 2. I. H. Cowdrey, Transactions of the American Society for Steel 
etreating, February, 1925. 

Many ferrous and nonferrous materials were tested, including over- 
trained, cold-worked, and heat-treated material. The following 


uations were derived: 


a 100lt 1 /16 + 273 
6.49 — 0.048 X roofers 


- olte + 192)®-21 
Bn=| 88.3 


soe Relation Between Maximum Strength, Brinell Hardness, and Scleroscope Hardness in Treated 
a’ ~ aireated Alloy and Plain Steels, by R. A. Abbot, Proc. Am. Soc. Test. Mat., 153 1915. 


" Otto Schwarz, Zugfestigkeit und Harte bei Metallen, F beiten auf dem gebiete des Inge- 
purwesens, Heft sg ane n bei Metallen, Forschungsar n a g ng 


115233°—39-_-4 


Bn 
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3. R. C. Brumfield, Transactions of the American Society for Sta 
Treating, June, 1926. : 
These tests also included nonferrous materials and steels treated i, 
various ways. The following equations were derived: 


____ 6,600 
127— 100f? Bi 16 


1,880,000 _ 
(1 = i50fte)? 


Bn 





and 


Bn 


The results obtained in these investigations are plotted in Figur; 
12 and 13. In Figure 12 the Brinell and the Rockwell numbers a 
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Figure 12.—Relationships between Brinell and Rockwell 
numbers given by different investigators 


4) 


plotted using uniform scales, so that a ready comparison of the Brine. 
numbers computed from the Rockwell numbers can be made. | 


: l 
Figure 13 the Rockwell numbers are plotted: iofsins against 7 


and jsfc¢ against Th as was done in Figures 4 and 5. In this wi! 


the differences between the various equations are brought out mot 
clearly. 
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It will be noted that Brumfield’s equations are of the same type as 


he equations given In this paper. The g eyconge between the two 
0 


oups of equations is fairly good, except for the upper range of the 
2ockwell cone number. 


XI. SUMMARY 


The tensile strengths and the Brinell and Rockwell indentation 
umbers were obtained for a variety of ferrous and nonferrous metals. 
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Figure 13.—Relationships between Brinell and Rockwell numbers obtained 
y different investigators 


Rockwell number vs. Tat Rn 


1. The experimental indentation numbers made it possible to obtain 
lempirical formulas for calculating Brinell numbers from Rockwell 
mbers, or vice versa. When used over the range specified each of 


se formulas gives values in which the error to be expected is not 
pater than plus or minus 10 per cent. 
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Using the following notation: 

1oof p16; Rockwell B number, ball %¢ inch diameter, load 100 kg. 
100f p18; Rockwell B number, ball % inch diameter, load 100 kg, 
isoftc; Rockwell C number, brale, load 150 kg. 


these equations are: 


7,300 
(a) Bn=730— Rome for jolsims greater than 40 and less than 10 


3,710 
130 — iooF ais 


1 ,520,000 ae 4,500 isolte 
(100 — is0fe)” 


(6) Bn= for jofpys greater than 30 and less than 10) 





for isofc greater than 10 and les 
than 40. 


(c) Bn= 


= | oe 2 
(d) Bn = 79,0007 AO(GT sate) for isle greater than 40 and |e 
than 70. 





2. For steels the tensile strength may be calculated from th 
Rockwell number, with expectation of an error less than plus « 
minus 15 per cent, by using the empirical formulas: 


(a) Tensile strength (Ibs. /in.’) aS Rl Ot eee for ogy, 
130 — oH sine : 





greater than 82 and less than 100. 


5 an 
(6) Tensile strength (lbs./in.?) = = ae — tae c) for isoftc greater 


than 10 and less than 40. 


3. The six equations given above have been plotted. On eaci 
graph additional curves are drawn, one above and one below the giva 
conversion curve, showing the maximum error to be expected in us 
the curve. The recommended range of application of each conversion 
curve is indicated on the graph. 

4. No discernible relationship—was found between the tens 
strengths of nonferrous metals and their indentation_numbers. 


Wasuineton, December 29, 1929. 
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OTO-IONIZATION OF CAESIUM BY LINE ABSORPTION 
By F. L. Mohler and C. Boeckner 


ABSTRACT 


Meihod.—The ionization of exsium by line absorption has been investigated 
means of the space-charge method. Light resolved by a monochromator is 
d and the relative sensitivity in the region of line absorption, as compared to 
e region of continuous absorption beyond the limit, is measured. 
Tonization by @ continuous spectrum.—The effect is directly proportional to the 
ht intensity. Relative sensitivity is independent of electrical conditions and 
iperature of the vapor. The reduction of the effect by an absorbing column 
cesium vapor in the light path indicates that the effective absorption line 
dth is about 0.007 A at 0.003 mm pressure. This width increases with pres- 
e. Relative sensitivity rises rapidly with vapor pressure between 0.0002 and 
}04 mm and drops slowly above 0.01 mm. 
BS Jonization by monochromatic light.—A helium line at 3888 A is coincident with 
e of the cesium lines and measurements of the absorption of this line by 
sium and of the photo-ionization produced give the probablity of ionization of an 
cited atom in the 4 P; state as a function of the vapor pressure. 
Discussion.—Measurements of relative sensitivity to continuous spectrum 
citation are corrected for absorption and slit width to give the probability of 
ization of excited atoms in states 4 to 8 P and higher states near 9 P, 12 P, 
P,and 25 P. This probability is shown to be proportional to the chance that 
excited atom collides with another cesium atom during the life of the excited 
ate. The probability of ionization at a collision varies from nearly one for 
gher states to 0.003 for the 4 P state. Results are consistent with a theory of 
anck’s that ionization results from the combination of excited and normal atoms 
form molecule ions. 
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I. INTRODUCTION 
1. THE PROBLEM 


Experiments on the photo-ionization of cesium vapor by Mohly 
Foote, and Chenault! et shown that in addition to the predicty 
ionization beyond the absorption series limit resulting from oy 
tinuous absorption there was some ionization by line absorptig, 
Illumination with light from an incandescent lamp analyzed by, 
monochromator showed separate sharp peaks in the ionization , 
the fourth, fifth, sixth, and seventh nq of the principal seri« 
while the partially or completely unresolved higher lines gave y 
effect which increased to a maximum at the limit (3,184 A). The thipi 
line gave a barely measurable effect and the second line no eff: 
Recent results by Lawrence and Edlefsen? show a similar phenon. 
enon in rubidium vapor with peaks at the fourth, fifth, and six) 
lines, though one other peak at 3,490 A does not coincide with y 
absorption line. These measurements have been made by observiy 
the neutralizing effect of the ions on a thermionic current limited }y 
electron space charge. The method is extremely sensitive «a; 
unaffected by surface photo-electric emission though it does not giv 
an absolute measure of the ion current. : 

Mohler, Foote, and Chenault proposed the theory that the excit(iR 
atoms produced by line absorption were ionized by atomic collisinf) } 
in which the ionization energy (maximum 0.7 volt) came fm—% 
thermal agitation. It has been pointed out in criticism ** that ih 
probability of such thermal ionization is too small to account for thi 
observed effect, and Franck and Jordan have suggested that electm 
collisions with excited atoms might explain the ionization, since mes 
urements were made in the presence of an electron current. Anothe ft” 
suggestion of Franck’s is that the excited atoms on collision wit 
normal atoms form molecule ions. 

The criticism that the ionization by line absorption is too gre 
to be explained by thermal agitation is borne out by the followy 
experiments, but a quantitative estimate of the probability 
ionization involves a knowledge of the ratio of the number of io 
produced to the number of quanta absorbed in a fine line of unknom 
width. For this reason Mohler, Foote, and Chenault limited ther 
discussion to the relative heights of the peaks at the separate line 
Recent investigations of the absorption spectrum of cesium and ( 
the absolute value of the photo-ionization beyond the series limit off 
a basis for further investigation of the ionization by line absorption 


2. CHSIUM ABSORPTION 


A recent paper by Waibel * gives quantitative measurements of th 
absorption by the higher series lines of cesium. The significst! 
datum in line absorption is the integral of the absorption coefficiet! 
across the line and to make the magnitudes measurable he used til 
layers of vapor at high pressure so that lines were much broadenet 
The third column of Table 1 gives Waibel’s observed values of /hdi1 R 
terms of atomic absorption coefficient and cm™! for the doubl® 


— 





1 Mohler, Foote, and Chenault, Phys. Rev., 27, p. 37; 1926. 
? Lawrence and Edlefsen, Phys. Rev., 34, p. 233; 1929. ty 
3 Franck and Jordan, Anregnung von Quanten Sprtingen durch Stosse, p. 126, Julius Springer, Berit 
‘ Gudden, Lichtelektrische Erscheinungen, p. 224, Julius Springer, Berlin, 

5 Waibel, Zeits. f. Phys., 53, p. 459; 1929. 
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°—mP;>. The fourth column gives this integral divided by the 
ean frequency interval between lines Av=(¥m4i—vm-1)/2. This 
»nstant ratio should equal the atomic absorption coefficient at the 
ries limit, t. ‘The authors * have published absolute measurements 
the ionization produced by continuous absorption in cesium vapor 
om which they compute a value of k,=2.3x10-. This is not in 
tisfactory agreement with the value from Waibel’s data, and other 
easurements give still higher values. For present purposes it has 
emed best to use our value of k,, together with values of / kdv 
btained by multiplying Waibel’s values by 2.3/0.48 as given in column 
of Table 1. It will be shown later that the lower value of Waibel 
ould lead to serious inconsistencies in the present results. 


bys 


On i 


TABLE 1.—Line absorption in cesium 
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>) Waibel’s paper includes values for the width of the lines at various 
“Pressures. Results are expressed in terms of the ‘‘half width” here 
enoted by 6d or év which is the interval between points where k has 
wBalf the maximum value. The different lines of the series have 
early the same half width which varies as the square root of. the 
essure. For 1S—mP, 6 varied from 0.55 A at 12.3 mm pressure 
p0.30Aat4.4mm. From thisrate of variation one computes values 
f 0.05 A at 0.1 mm, 0.015 A at 0.01 mm, and 0.005 A at 0.001 mm. 
Pressures reduced to 0° C.) But the Doppler width for cesium 
toms at 500° K. is 0.0055 A so that below 0.001 mm the Doppler 
Wroadening will be predominant. Since the lines are doublets in 
rhich each component has a hyperfine structure it becomes very 
“®omplicated to compute the line shapes or widths to be expected at 
> w pressure. 

lf lines have the shape theoretically predicted for collision broad- 
bing? then 


lines 


tion 


oe S kdv =k(max.) dv (1) 
thi he transmission of a layer of vapor of length Z containing N atoms 
1% rem for light coincident with an absorption line is then 

dv ie 

able ie trans. = e~ NLS kde/sr (2) 


a 
a 
oe 
* 
38E 





* Mohler and Boeckner, B. 8. Jour. Research 303; 1929 
"Handbuch der Physik., 20, p. 496. anime 
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II. EXPERIMENTAL PROCEDURE 
1. METHOD 


Figure 1 illustrates the type of space-charge tube used in mo 
of this work. This is a quartz tube containing a platinum cylindy 
anode 4 cm long and 3 cm in diameter. In the ends of the ano, 
are slits about 8 mm wide to admit light and for the cathode lead 
The cathode is a hairpin platinum wire coated with oxides. 1) 
tube was usually sealed off from the pumps and heated by two ink 
pendent heating units, one around the body of the tube and op 
around the appendix so that effects of vapor pressure and temperati; 
could be studied independently. The ionization chamber was key 
at about 500° K. for most <a | 

Vapor pressure was computed from an equation based on dij 
by Kroner.’ 

log p (mm) = —3966/7'+ 7.1650 


The tube was commonly operated with the filament at a bare 
visible red heat and with an applied voltage between zero and 1 wiy 
which gives a dark current of the order of 2X 10-' amperes. This wif 
balanced by a bridge circuit so that current changes of 10-* ampenf 


4cm 
Caesium 


Figure 1.—The type of space charge tube used in this work 


could be measured. The electron current change is of the order 
10° or 10* times the ion current, the ratio being greatest at lif 
pressure. & 

Since the sensitivity varies with nearly all operating conditionfq” 
all the observations consisted of measurements of relative sensitiv 7 
for light of frequency » compared to light of a standard frequeny—™ 
in the region of continuous absorption. For experimental purpox— | 
the standard 3,150 A was chosen, though in interpreting resili} 
it is more convenient to take the series limit 3,184 A and we ba! 
reduced all results to the latter. In the following the relative seu 


tivity is 
a(v) J (3,184) 
2 (3,184) J (v) Av 





R (v)= Av (3,184) 


where i’s are the observed current change proportional to the icf) 
zation, while the J’s are radiation flux in quanta per second w'fy 


Av is the width of the band transmitted by the menochromatt 
We can safely assume that beyond the series limit the number 
ions produced is equal to the number of quanta absorbed. 


i (3,184) =cNLk, J (3,184) Av (3,184) 


§ Rowe, Phil. Mag., 3, p. 534; 1927. 
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C. 

hore N is the number of atoms per em® (2 10" at 1 mm), Z is the 
agg and k, is the atomic absorption coefficient. The pro- 
rtionality factor ¢ between ions and current change is always 


minated by taking ratios. 








2. RADIATION FLUX 


The source of continous radiation was the light from a 400-watt 
azda projection lamp analyzed by a Bausch & Lomb monochroma- 
%r. The relative radiation flux in quanta per second is shown in 
igure 2. This is based on direct measurements of energy flux 



















| i j l 
3800 3600 3400 3200 


r 


Figure 2.—Relative values of radiation flux in quanta 
per second of light from a Mazda lamp resolved by 
a quartz monochromator 








ade with a thermopile supplemented by computed values based on 

iation laws, the dispersion of quartz and the transmission of glass 
om a similar Jamp. The computed values were only used in the 
nator, nge 3,250 to 3,150. 
per 







3. PROPERTIES OF THE SPACE CHARGE TUBE 


In a comparison of radiation, strongly absorbed in the front of the 
ization chamber with radiation weakly absorbed throughout the 
gth, it is important to know the sensitivity in different parts of 
e chamber. In a tube such as is shown in Figure 1 a small beam 
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of light was moved diametrically across the tube and no change jy 
ionization greater than 10 per cent was found until the light bean 
struck the walls. Again in a tube of similar dimensions with , 
slit along the length of the cylinder no important change was found 
as the light was moved from one end of the cylinder to the other. 
The experiments do not exclude the existence of a thin layer of vapor 
(1 or 2 mm) at the window which is ineffective. Apart from this 
possibility we are justified in assuming that all ions produced in the 
chamber are equally effective. 

There is a small surface effect which is greatest with the cesiun 
at room temperature. Then light of all wave lengths from the 
ultra-violet to the visible gives an increase in electron current with , 
sensitivity highest in the ultra-violet, but entirely different from the 
photo-ionization sensitivity. This current change increases as the 
thermionic current is increased up to the saturation value by raising 
the cathode temperature, but unlike the space-charge effect there is 
no further increase upon exceeding the saturation temperature, 
These and other tests indicate that the effect can be ascribed to photo- 
electric emission from a transparent caesium film on the quartz 
window.’ The photo-electric emission changes the potential of the 
film which in the arrangement of Figure 1 acts like an external grid 
on the electron emission. With higher vapor pressures the film 
resistance and potential change decrease. Well below 100° C. the 
effect is masked by the volume photo-ionization. 


III. IONIZATION BY A CONTINUOUS SPECTRUM 
1. INTENSITY RELATION 


It has been found that the electron current change is not pro- 
portional to the ionization when the current change is comparable 
with the dark current. For illumination with resolved light of « 
Mazda lamp the relative current change is commonly less than 1) 
per cent and a nearly linear relation between ionization and current 
change is to be expected. Mohler, Foote, and Chenault found : 
linear relation between current change and intensity for ionization 
by line absorption and the authors have confirmed this for a variety 
of wave lengths and conditions. We conclude that the ionization 
is directly proportional to the intensity. 


2. EFFECT OF ELECTRON CURRENT AND VOLTAGE 


Variation of the electron current by changing the filament tempers- 
ture has no effect on the form of the sensitivity curve. Variation o! 
the applied potential has the effect that strongly absorbed light, 
notably the 3,612 line, is slightly more effective at high voltage. 
This can be ascribed to the ability of higher electric fields to draw 
more ions from the layer of vapor close to the window. ‘There 
remains no evidence that the ionization process depends on the 
electron current. 

3. TEMPERATURE EFFECT 


_ Careful tests were made to detect a change in the relative sens- 
tivity when the cesium pressure was kept constant and the ten- 


* Ives, Astrophys. J., 62, p. 309; 1925. 
1© Whitman, B. 8. Jour. Research, 4 (RP 138), pp. 157-167; January, 1930. 
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> perature of the body of the tube was changed. Figure 3 illustrates 
ihe results at a cesium pressure of 0.0038 mm and temperatures 
of 162° and 260° C. All results indicate that the relative height of 
" the line peaks is independent of the temperature. Under the con- 
© ditions of the experiment the pressure remained constant and the 
* density changed. Following results indicate that maintaining a con- 
" stant vapor density would probably not make a perceptible difference. 


4. ABSORPTION EFFECT 


' It is evident from computations, such as those given in Table 
' 1. that the absorption of a layer of vapor of several centimeters in 
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Figure 3.—IJon current v. at 0.00388 mm 
Circles at 162° C. and crosses at 260° C. 











front of the ionization chamber will appreciably reduce the light 
intensity at the center of the absorption lines even at pressures of 
10"? mm or less. Preliminary experiments made with a tube having 
the ionization chamber 8 cm from the window gave about one- 
fourth of the relative sensitivity at 3,612 A at a pressure of 0.001 
mm which was obtained with the tube shown in Figure 1. The 
tubes used in previous investigations have had several centimeters 
oi vapor in front of the ionization chamber so that the line absorption 
sensitivity was reduced. 

Quantitative measurements of the absorption were made by 
placing a cell containing cesium in front of the space-charge tube 
and making observations of the change in the ionization when the 
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cesium in the absorption cell was heated. Figure 4 illustrates son, 
curves obtained under extreme conditions with an absorption ty} 
30 cm long. Curves I and II show the observed curves with casjyy 
at a pressure of 0.14 mm in the space charge tube and at zero ap; 
0.14 mm in the absorption cell. Curve III was obtained with jj, 
same pressure in the absorption cell but a much lower pressure, ().(\jj: 
mm, in the space-charge tube. This indicates that there is comple; 
absorption near the center of the lines at this pressure and that }y 
lowering the pressure in the ionization chamber the lines become 3 
narrow that no effective radiation is transmitted. It is interestiy, 


that the measurements for Curve II show no diminution in the sm, 


240 














3800 3700 3600 


A 


FicurE 4.—IJon current v. 


I with 0.14 mm of cesium in the space charge tube; II with a 30 cm column of csesium vapor st 
0.15 mm pressure in the light path; III with the same absorbing column, but the pressure in the 
space charge tube reduced to 0.0063 mm. 


effect between lines though this could not be shown on the scale of the 
drawing. This effect between the lines becomes much less at lowe 
pressure. 

More useful results were obtained at much lower pressures wil 
an absorption cell 4 cm long. Table 2 summarizes the results an 
includes both the observed transmission e~*“ and NLk._ A plot 
of NLk versus wave length gives a nearly straight line and the values 
in the table are based on the best straight lines to smooth out acc 
dental errors where NLk is small. It is evident that k is not a col 
stant, but varies with the pressures in both the absorption cell aud 
the space-charge tube. These variations are evidently a consequent 
of the shape of the absorption lines and the variation of their width 
with pressure. 





of vapor 





a Ionization chamber 
Ionization chamber 0.0031 mm 0.0059 mm 





Wave length | Absorption, 0.0011 mm | Absorption, 0.0031 mm | Absorption, 0.0031 mm 





Transmis- Transmis- NLk Transmis- 
sion sion sion 





0. 40 0. 57 
- 50 - 68 . 63 
- 63 - 46 73 
72 . 3 - 80 
. 83 . 88 
. 955 - 965 
1.0 1.0 
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Ficure 5.—Relative sensitivity v. » 


1 at 0.00025 mm, 2 at 0.00062 mm, 3 at 0.0013 mm, 4 at 0.0023 mm, 65 at 0.0088 mm, 6 at 0.0073 mm, 
Two scales of R left for 3,700 to 3,340, right 3,340 to limit. 





5. PRESSURE EFFECT 


It is feasible to investigate an extreme range of pressures, and 
F igures 5 and 6 show the relative sensitivity, #, as defined in equa- 
_ lon (3) for pressures ranging between 2.5X107-* and 0.15 mm. At 
| each wave length R rises and then falls with increasing pressure in a 
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manner which suggests that there are two or more effects which neg) 
counterbalance each other above 0.002 mm pressure. Ordinates giy; 
the effect relative to the limit and since the ionization at the limit; 
proportional to the pressure the ionization at all wave lengths j 
always increasing with pressure throughout the range studied. 


32 
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Figure 6.—Relative sensitivity v. 
6 at 0.0073 mm, 7 at 0.017 mm, 8 at 0.14 mm. Two scales of R, 


6. QUENCHING BY FOREIGN GASES 


It is difficult to maintain a good vacuum in a sealed-off tube cot 
taining an alkali metal, so a preliminary experiment was made witl 
the tube connected to the pumps through a capillary which could be 
closed with a needle valve. The relative sensitivity to line absorp 
tion gradually increased with prolonged pumping to a value appre 
ciably higher than previously obtained in sealed tubes, The exper 
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ments furnished a standard for estimating the vacuum in sealed-off 
tubes, and in the results quoted in this paper the quenching by foreign 
gas is probably negligible. Quantitative measurements of the effect 
lof adding foreign gases will be presented in another paper. 


IV. IONIZATION BY HELIUM LINES 
1. THE HELIUM LINE AT 3,888 A 


The helium spectrum contains an isolated strong line at 3,888.649 A 
| while the red component of the third doublet of cesium is at 3,888.622 
"\. This is very nearly exact coincidence and it was expected that 
‘this line would be strongly absorbed by cesium and give a large 
_photo-electric effect. Experiments bore out this expectation and it 
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FIGURE 7 


Upper curve, right scale, the absorption of the 3,888 helium line by a 4 cm column of cesium vapor 
as a function of cesium pressure. Lower curve, left scale, the quantum efficiency of ionization of 
cesium by 3,888 as a function of pressure. 


»was possible to make direct measurements of the radiation flux, the 
vraction of this radiation absorbed, and the number of ions produced. 
Such measurements in contrast to studies with continuous radiation 
yield directly the probability of ionization of an excited atom (or the 
'quantum efficiency of ion production) without assumptions as to line 
ewidth and shape. 

A small capillary Geisler tube served as a source and the radiation 
flux for 3,888 and for the 3,130 iine of mercury were measured directly 
by a thermopile under operating conditions. The former was barely 
measurable so that the absolute value of the final result is much less 
certain than the relative values. 
| Absorption of the 3,888 line was measured with a 4 cm absorption 
pcell and a photo-electric cell, and Figure 7, upper curve, shows the 
‘*bsorption as a function of the pressure. 
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Photo-ionization was measured by a direct comparison of thy 
ionization produced by 3,888 and the 3,130 line of the mercury gy 
The effect of both lines was so large that the current change was ny; 
proportional to the ionization and it was necessary to determine th 
current intensity relation at each pressure by reducing the light jy 
known ratios by a series of wire gauze screens. The relative sens, 
tivity R# is then 

_ I (3,888) _ J (3,130) 


R=T (3.130) * J (3,888) 


where the /’s are the corrected ratio of ionization and the J’s are th 
radiation flux in quanta per second. Assuming that the quantum 
efficiency of the 3,130 radiation is one, we have for the efficiency of 
3,888 ; 

Abs (3,130) 


E (3,888) = BX 75 .-(3 388) 


The absorption of 3,130 has been determined by the authors 
NL*X 1.85 10~-". Table 3 summarizes the data for the determinetio 
of E and Figure 7, lower curve, is a plot of the results. It is seen from 
the table that the relative sensitivity rises and falls with increasing 
pressure in the same general manner as F for the effect of continuous 
radiation. The ratio remains of the order of one because the loy 
efficiency is counterbalanced by the high absorption of 3,888 
compared with 3,130. 


TABLE 3.—The absorption and tonization of cesium by the 3,888 helium line 








Cesium tem- |Cesium pres-| R (3,888) 


| Absorption |Absorption 
perature (°C.) sure of 3,888 E (3,888) 


of 3,130 





0. 096 X 1074 0. 036 0. 111X108 
. 285 . 078 . 28 
28 - 118 


77 
. 89 


} 

| 

| 

} 

| 

0. 6410-8 | 0.42 | 
1.9 p 
75 | 


. 150 
. 20 
. 25 




















2. IONIZATION BY 3,188 A OF HELIUM 


Another helium line which gives measurable photo-ionization is at 
3,187.743 A. This is within 4 Angstroms of the cesium series limit. 
We compute from the series formula given by Miss Mathews " that 
the forty-eighth line lies at 3,187.73, the forty-ninth at 3,187.55. 
Experiments were limited to a direct comparison of the effect of this 
line and 3,130 of mercury. For pressures ranging from 0.001 to 0.07 
mm there was no change in the relative sensitivity. 


3. IONIZATION BY OTHER LINE SOURCES 


Strong emission lines, such as 3,650 and 3,340 of mercury which are 
many Angstroms from cesium absorption lines, give measurable 
| sti ar This is evidently related to the small effect between 
ines observed with a continuous spectrum at the higher pressures. 
Results of experiments on this effect will be published later. 





11 Mathews, Proc. Roy. Soc., 120, p. 650; 1928, 
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V. DISCUSSION 


1. RESTRICTION OF THE PROBLEM 


© onization by line absorption involves initially the production of 
pn excited atom in an m P state. The energy of this state is appreci- 
hly below the ionization potential, 0.7 volt below in the extreme 
base of ionization by the 3,888 line. What is the source of the addi- 
sonal energy required for ionization? The experiments definitely 
jiminate most of the possibilities. The linear relation between in- 
Honsity and ionization rules out the hypothesis of a transfer of energy 
tween two excited states. The evidence that sensitivity is inde- 
Hendent of electron current shows that ionization is not produced 
by electron collisions. The absence of temperature effect eliminates 
he theory that ionization results either directly or indirectly from 
thermal agitation or from black body radiation. There remains 
ie possibility suggested by Franck that an excited atom in collision 
rith a normal atom forms a molecule which spontaneously becomes 
nized. This theory seems to be strongly supported by the experi- 
ents though it involves too many unknowns to be definitely estab- 
ished. The probability of ionization would depend on the pressure 
1a complicated manner. The chance of absorption of a quantum 
fradiation and the chance that the exicted atom collides to form a 
iolecule before radiation takes place will vary with pressure and 
possibly the chance of subsequent ionization may depend on pressure 
Fes well. The measurements on the ionization by the 3,888 helium 
line give directly the efficiency of ionization per quantum absorbed. 
u the following section we attempt to derive this quantum efficiency 
or ionization at the other lines and thus eliminate the first cause of 
pressure variation. It remains then to see if the variation in quantum 
ficiency with pressure can be accounted for by the second pressure 
elect. 
2. CORRECTION FOR ABSORPTION 


lf J (v) is the number of ions produced per second by a flux of 
J (v) Av quanta per second in a band of width Av, then 


I (v) an E (v) J (v) (l—e-***) dy (5) 


where E'(v) is the quantum efficiency. Assuming that absorption in 
i line can be expressed as a constant absorption k», over a width 6v, 


then 
Iv) =E(v) Jd (v) A—e*™*") ov (6) 
+~ series limit H=1 and since NLKk, is very small 1—e-*“""= NLk, 
an 
I,=J,NLk,Av (7) 


I(v) __ JoNLk, Av 
I, JQ) (1—e-¥E) by 


. NIk, A 
E(x) =R() 7— Sabre 5 


115233°—30——5 


E(v)= 
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where F(v) is the quantity plotted in Figures 5 and 6. Where jy 
are unresolved (3,300 to 3,200) we can make use of the law of abso 
tion near the limit 


i) NLkdv = NLk,Av 
Av 


If Nik, is sufficiently small (less than 0.2) so that 1—¢-%“*=yy 
we have the simple relation that H(v)=R(v). When NLK.,, is larye 
then £ is greater than R and we can use the approximation 


Ey) -R ONL 


: = e-NLkm 


where k,, applies to one of the unresolved lines near the center of ty 
slit. 

In column 5 of Table 2 we have given the measured value of NI j:iy 
4cm of cesium vapor at 0.0031 mm for radiation effective in produciy 
ionization at the same pressure. From column 5 of Table 1 we cy 
compute {§ NLkdv=NLk,,év for the same condition, and the q totic: 
gives a value of dv that can be used in equation (8) for the effectiy 
width of our assumed rectangular line at this pressure. Tuble: 
gives the results and we will use the mean value 6v=0.065 em ¢ 
6\=0.0076 A. This value is if anything too small, for the Dopp 
width is 0.0055 A and taking into account the fine structure » 
would expect an effective width of about 0.01 A. It is important: 
note that Waibel’s values of fkdv would give 6d only a fifth as lay 
as this, which is clearly impossible. 


TaBLE 4.—The effective line width for absorption at 0.0031 mm 





| | 
NLk bv from | NU from | 


Wave length Table 1 Table 2 
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TABLE 5.—Quantum efficiency at 0.0088 mm 





r , Correction 

’ NLk év from | NUTk for R from 

Wave length a9 bes «4 Me 4 equations 
| Table 1 év= 0.065 Figure 5 (8) and (9) 





i eee: 1.0 
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TABLE 6.—Quantum efficiency as a function of pressure 








| Pressure 


| 0.00025 | 0.00062 | 0.0013 | 0.0023 | 0. 0038 | 0. 0073 | 0.017 





Wave length j 


by 
0.065 0. 137 





1.00 
- 90 


. 76 











‘19 
‘0067 














To compute the quantum efficiency / from R by equations (8) 
nd (9) we will make the arbitrary assumption that 6v=0.065 for 
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Pressure in mm. 
Fiaurr 8.—Quantum efficiency of radiation of various wave lengths for pro- 
ducing ionization as a function of cesium pressure from data of Figures 


! » 
5 and 6 . 


all pressures less than 0.0038 mm and that for higher pressures 


i, 0.065. Tt This relation is consistent with Waibel’s width 


Measurements at high pressures. Fortunately corrections are relatively 
small for the lower pressures, but with increasing pressure the results 
become increasingly uncertain. Table 5 shows the data for the com- 
putation of the quantum efficiency # for one pressure; while Table 6 
and Figure 8 summarize results at eight pressures. The correction 
term for resolved lines based on equation (8) involves the ratio of the 
integral of the continuous absorption across the slit to the integral of 
the line absorption across the line and this important part of the 
correction is independent of the arbitrary assumption as to line 
width. A mean value of the width Av =-303 em—! has been used. The 
tables include values of # for 3,877 and 3,888 based on the same series 
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of measurements, but not included in Figures 5 and 6. The yajyfim 
are about twice as great as obtained for 3,888 ionized by the heliy 
line but the difference can be accounted for both in the large ero if 
the absolute value of the latter and in the failure of the above appnf 
mations where absorption is high. Figure 8 shows a regular prog 
sion of # with the series term and with the pressure that was ); 
apparent in the original data on relative sensitivity. The consty 
value of # for a setting at 3,200 A for pressures above 0.001 my; 
confirmed by the constant relative sensitivity to the 3,188 line, 
helium and in the latter case there is no question of insufficient rg, 
lution masking a change. Other wave lengths except 3,877 and 3,\ 
seem also to approach a constant but lower efficiency at. hiv 
pressures, 
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FiagurE 9.—Plot of reciprocals of quantum efficiency and of pressure { 
3,888 from data of Figure 7 





3. THE PRESSURE VARIATION OF EFFICIENCY 


Franck’s theory of ionization by molecule formation requires the! 
the excited atoms collide during the life of the excited states. The 


probability P of this will depend on the pressure according to tl 
equation ” 


| are fee I — 
T+7r 1+1/Ao°rp 

where 7 is the mean life of the excited state and T is the averagt 

time between collisions between excited atoms and normal atom 

T=1/po°A where o is the distance between atom centers at collisio!, 

p is the pressure in mm and A=2.45x 10”! for cxsium atoms * 

500° K. 





2 Turner, Phys. Rev., 23, p. 464; 1924 
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We will assume that the probability of ionization after a collision, 


s independent of pressure and see if the relation #=P E, accounts 
r the pressure variation of H. From equation (10) 


. 1 
B= Ee Aotp 


1 1 1 
BE x “ aa hal 


A plot of the reciprocals of F and p should give a straight line with 
Me intercept on the 1/p axis equal to 1/E, and the slope equal to this 





r 
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Fiaure 10.—Reciprocal plots of quantum efficiency and pressure from data of 
Figure 8 


times 1/Ao’r. Figure 9 shows such a plot for the data on quantum 
elliciency of ionization by the 3,888 helium line. Here the small 
F(eviation near the origin on the reciprocal scale represents a rather 
large departure from the linear relation at high pressure where experi- 
mental error is small. Figures 10 and 11 give reciprocal plots of the 
quantum efficiency computed from the data on ionization by a 
continuous spectrum. Here the accidental error is much greater 
and the straight lines give as close an approximation as could be 
desired. There are many factors which could give a deviation such 
és observed in the curve of Figure 9, notably imprisonment of re- 
sonance radiation or any other feeding back of energy following the 
lirst collision. We conclude that the pressure variation of quantum 
elliciency is largely accounted for by the variation in the chance of a 
collision during the life of an excited state and that the probability 
of ionization at a collision is apparently independent of pressure as 
Well as temperature. 

lable 7 gives the numerical values of , and o?7 computed from 
the reciprocal plots. Unfortunately there is no safe basis for estimat- 
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ing either o* or 7 independently. The wiles of the products yh 
surprisingly large. From fkdv one computes a life which meas, 
the average time between absorption and emission of the absorf_ 
line and this is certainly longer than the actual life until any line sae 
emitted. For 3,612 it is 1.21075 seconds. There are nine otly 

permitted transmissions from 5 P, to mS and mD2, and with the crud 
approximation that all are equally possible the life would be aly; 
10~° seconds. Thus it is seen that the distance of approach for 
effective collision with an atom in the 5 P state is probably betwee 








1 





1 l 1 —_ 
200 400 600 800 1000 1200 1400 1600 
VP in mm 


Ficure 11.—Reciprocal plots of quantum efficiency and pressure from data of 
Figure 8 


10-7 and 3 X 10-7 em which is very large even for the greatest possible 
life. For states 6 P to 10 P the life would progressively increase 0 
the above viewpoint so that o? must decrease to keep the quantity 
or nearly constant. Apparently the large effective radius is 10! 
related in a simple manner to the radius of distribution of charge i 
the mP state which is continuously increasing with m. These detail 
are highly speculative, but the general conclusion as to the magnitude 
of the product rests direc ‘tly on the observations of relatively large 
effects at very low pressure regardless of assumptions as to absorption 
corrections or the exact nature of the pressure variation of E. 
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TABLE 7.—Constants derived from Figures 9, 10, and 11 





o'r 


0. 2210-19 
1.0 X10-19 




















4. THE HYPOTHESIS OF MOLECULE ION FORMATION 


~ The results are consistent with Franck’s theory that excited atoms 
hen they collide with normal cesium atoms form molecule ions. 


























Normal 














Nuclear separation 


Figure 12.—A Franck Condon diagram of potential energy v. nu- 
clear separation to illustrate the process of molecular ion forma- 
tion by atomic line absorption 


‘The ionization potential of the atom is 3.87 volts and the longest 
iwave length which produces ions is 3,888 corresponding to 3.17 volts. 
We conclude that the potential energy of the molecule ion is at least 
0.70 volt less than that of an atom and an atom ion; that is, the work 
of dissociation of the molecule ion is greater than 0.70 volt. As the 
probability of ionization by 3,888 is very low, probably this value is 
close to the threshold and D+ is nearly 0.7 volt. The energy relations 
; {re represented in Figure 12 in the form of a Franck Condon diagram. 
Ye have used the convention that the origin of ordinates is the 
‘energy of 2 normal atoms; hence, the energy of a normal molecule is 
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negative. With this convention the ordinates for large values of j 
atomic separation give the atomic energy levels. The only impony 
detail is that the minimum for the normal ion is at least as loy 
shown. The process of molecule formation is then, first, the exc 
tion process raising the atomic energy along a vertical line at 
right; second, the collision process is a motion to the left neg, 
coinc ident with one of the horizontal lines (kinetic energy of them, 
agitation is barely perceptible on this scale); third, the recombinatiy 
process involves a slight dissipation of energy along this horizon 
path so that the broken line portion of the path is a quantized 

of the excited molecule. Then the atom will oscillate back and for 
along this portion of the line until a transition occurs; fourth, i 
transition will occur either to the ion state or to some lower molec 
state. 

The chance that it goes to the ion state will depend on the ar 
between the horizontal line and the potential energy curve for jh 
ion in an unknown way, but will clearly increase as we go to hisly 
series terms. We thus have a reason why the probability of toni 
tion at collision, #., increases regularly as we go to higher P stat 
The experimental fact that this probability approaches certainty j 
high states shows that the probability of the third process— that 
combination—is also almost certainty for high states and _ possi 
for all states. The large magnitude of the collision radius can a 
be visualized from this figure. If we assume that the potential minin 
have abscissae of about 2 Angstroms, as is the case for a — n 
molecule, then the least value ‘of the collision radius would fall at 
edge of the drawing; that is, an excited atom reaching any point 
the figure would be drawn into the other atom. The potential enery 
curves must be slightly sloping and not horizontal as drawn over tl 
entire length shown. 

The value of 0.7 volt or more for the work of dissociation of th 
molecule ion indicates that it has a stability comparable with \y, 
and K,. There is some supporting evidence that alkali molecu 
ions are stable. Ives ™ gives evidence that the positive ions produce! 
by a hot filament in alkali vapors are molecular aggregates at a loi 
vapor temperature. In cesium the molecular weight is 1,000 « 
0° C., but nearly atomic (133) at 60° C. Ditchburn and Arnot’ 
have shown that atomic potassium ions shot through a jet of poti 
sium vapor become diatomic molecules with a probability neary 
independent of their kinetic energy between 200 and 20 volts. They 
find, however, that the ions produced by the photo-electric iom- 
tion of potassium by an iron are are purely atomic. 

If in cesium vapor the continuous absorption gives atomic io 
and the line absorption gives molecules, the question arises as (i 
whether the space-charge method gives directly the ratio of ions as W 
have assumed. In view of the fact that ions take a long time 
produce their space-charge effect, it is probable that an equilibrium 
ratio of molecule and atom ions is reached which is quite independet! 
of their initial state. 





13 Ives, J. Frank. Inst., 201, p. 47; 1926. 
14 Ditchburn and Arnot, Proc, Roy, Soc., 123, p. 516; 1929, 
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VI. SUMMARY 


The results show that the ionization of cesium vapor by light on 
» red side of the limit is the result of line absorption (neglecting a 
nall effect between lines) in lines of a width of the order of 0.01 A or 


ss below 0.01 mm pressure. 
The subsequent ionization is independent of temperature and 


ectrical conditions but depends on the vapor pressure in a manner 

hich suggests that a collision with a normal cesium atom must 

cur during the life of the excited state. The chance of ionization 
@ acollision increases from a very low value for the 4 P state to nearly 
Mme for 16 P. The collision distance depends on the life of the 
Mxcited state which is unknown, but this distance is certainly large 
@ompared with usual atomic dimensions. 


WasHINGTON, January 4, 1930. 
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) REGULARITIES IN THE SPECTRA OF LUTECIUM 
| By William F. Meggers and Bourdon F. Scribner 















ABSTRACT 


| Up to the present time no significant regularities have been found in the spectra 
“any of the rare earth elements, 58 Ce to 71 Lu. A study of the are and spark 
Mpectra of the last of these, lutecium, resulted in a separation of the lines into three 
Mistinct classes: (1) Those characterizing neutral atoms, constituting the Lu, 
ae ctrum: (2) those due to singly ionized atoms, the Lu,, spectrum; and (3) a 
mall number of lines ascribable to doubly ionized atoms, the Lu,,, spectrum. 
PRecularities have been discovered in each of these spectra. The normal state of 
‘neutral Lu atoms is represented by a ?D spectral term arising from the electron 
@nficuration s’d; its levels are separated by 1993.9 wave numbers. The normal 
gate of Lut atoms is described by a '!S (ss), and metastable terms '!D, *D (ds), °F 
‘f@d) have also been established. A 2S (s) term describes the normal state of 
in‘tatoms. There is no evidence of f electrons playing any part in the production 
the spectra; it is concluded that the fourteen f electrons in Lu form a closed 
ell of considerable stability. The structures of Lu spectra resemble those of Y 
More closely than those of La or Sc. 


CONTENTS 
‘ Page 
mM, Introduction... ....cise-< eee he oe eel es he 5 73 
mal. Thespectrum on neutral dat Gii)...o-..5.- 2. <-~.~.~chcn50-05- 75 
UJ. The spectrum of singly ionized Lu (Lu,,)------------------------ 77 
my. The spectrum of doubly ionized Lu (u;,;).....--.-..-....----..- 79 
Vv. Comparison of 21 Sc, 39 Y, 57 La, and 71 Lu spectra___....-.----- 79 


I. INTRODUCTION 


In 1927 when Hund ! summarized the results of spectral classifica- 
tions and developed the theory of their relation to atomic structure, 
he pointed out that typical spectra have been analysed in nearly all 
the periods, ‘‘ Nur an einer Stelle des periodischen Systems klafft eine 
ss Liicke. Von den seltenen Erden ist noch kein Spektrum in 
Terme geordnet.”’ 

The rare earth elements are found in the sixth period; according to 
Bohr their appearance is explained by the assumption that the build- 
ing of the shell of 5d electrons beginning with 57 La is not continued 
with 58 Ce, but the number of 6s and 5d electrons remains constant 
Jrom 58 Ce to 71 Lu while f electrons are added until a shell of 14 such 
‘electrons is completed. If this shell is stable like the rare gas shells 
)o4 Xe, 36 Kr, and 18 A, we may expect the configuration of valence 
electrons and, consequently, the spectral structures for 71 Lu to 
Nesemble those of 57 a 39 Y, and 21 Sc. In any of these cases the 
‘heutral atoms in their normal states involve two s and one d electron 
'(sd), and the corresponding spectral term is 7D. The configuration 





‘Hund, Linienspektren und Periodisches System der Elemente, p, 175, Julius Springer, Berlin; 1927. 
73 
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d’s is expected to yield a metastable ‘F term. Singly ionized aton: 
this type will exhibit a singlet S term associated with the so) 
figuration, 'D and *D terms for the ds configuration and a grou em 
terms 'S, 'D, 'G, *P, *F, arising from the dd configuration. )- 
normal state of doubly ionized atoms will be represented by a“) yf 
*S spectral term, according as the electron is bound most firmly jy, 
or in an s orbit. 

Analyses of the spectra of Se,? Y,3 and La‘ have revealed 4j 
these theoretical terms, and the temptation to look for similar ten 
in the spectra of Lu could not be resisted. It was first necessyp 
however, to make new descriptions of the spectra, since the older (jj 
were too incomplete and unreliable. The authors have photograpiy 
both are and spark spectra of Lu in the wave length interval 2,((j| 
to 9,000 A, and have succeeded in separating the Lu,, Lu,,, and [, 
lines characteristic of neutral, singly ionized and doubly ionized atoy 
respectively. Complete wave-length data and more extensive clig 
fication of the spectral lines will be presented in a subsequent pape 
The main object of this paper is to describe and interpret ceri 
regularities which have been discovered among the most promine 
lines of the Lu spectra. We shall here retain the notation used {j 
similar spectra cited above. 

The arc spectrum of Lu was excited in a 220-volt direct-curr 
arc between silver electrodes on which some Lu salt was fused. 1) 
same electrodes were then used in a condensed high-voltage (i 
charge to excite the spark spectra. Both spectra were photograph 
on the same plate, and comparison of line intensities in the ty 
sources made it easy to recognize the lines belonging to neutral a 
to ionized atoms. The lines of neutral Lu atoms are strongly deve: 
oped in the arc, but are very weak in the spark. A small number: 
lines (about 50) occur with considerable intensity in the are but, {x 
the most part, somewhat enhanced in the spark. These are reco 
nized as the lines involving the normal or metastable states of tl: 
singly ionized atoms. A larger number of lines appear only in ‘) 
spark or greatly enhanced in this source when compared with il: 
arc. These lines are usually somewhat hazy and unsymmetniei! 
They undoubtedly involve higher excited states in the ionized atoni 
Within the range of the observations five lines are recognized as le 
longing to doubly ionized Lu atoms because they are strong in tl 
spark, but are not excited at all in the 220-volt are except near tht 
negative electrode. In general, the properties of the Lu spectral line 
closely parallel those of Y and La lines which have been studied 1 
similar sources. Perhaps the most striking difference is the relativel 
greater simplicity of the Lu spectra. The number of strong lines 1 
the Lu, spectrum does not exceed 50, and, roughly, the same number 
of intense lines appear in the Lu,, spectrum, while in the correspont- 
ing Y,, and La,, spectra the numbers are much targer. The reason 
for this difference will be discussed after the Lu regularities are 
hibited. . 

It must be remembered that wave lengths and estimated relativ 
intensities are the only data at hand for the analysis of Lu spect 





? Russell and Meggers, B. S. Sci. Paper No. 558, 22, p. 329; 1927. 

§ Meggers and Russell, B. S. Jour. Research, 2 (RP 55), p. 733; 1929. 7 a 

‘ Meggers, J. Wash, Acad. Sci., 17, p. 25; 1927. J. Opt. Soc. Am., 14, p. 191; 1927; and extensive unpu> 
lished results. 
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observations of Zeeman effects, temperature classes, absorption 
reversal, and pressure effect have ever been made. The situation 
similar to that which existed for Hf spectra,’ so that the method of 


alysis which was used there was applied here. It consists, briefly, 


systematically subtracting the wave numbers of groups of lines 
Ying which are likely to be related, extending as far as possible a two- 
nensional wave-number system representing combinations of spec- 

,| terms, and attempting to interpret the spectral terms on the 


sis of quantum theory. The combination principle, and the well- 
own rules governing quantum numbers, line intensities, and spec- 
n|-term intervals, make it possible to analyze any spectrum, pro- 
ded that one has a reasonably good description of the spectrum. 


Il. THE SPECTRUM OF NEUTRAL Lu (Lu;) 


A half hundred of the most prominent arc lines of Lu were selected 
d the vacuum wave numbers were systematically subtracted from 
ch other up to differences of 15,000 cm~'. When these were tabu- 
ted it was seen that the only difference which occurred more than 
ree times was 1,993.9 cm! which repeated 10 times, and must, 
erefore, be regarded as significant. This is regarded as the separa- 
Hon of 7D, and *D;, the two sublevels of the 7D term describing the 
Hormal state of neutral Lu atoms. Combinations of this term with 
Hhigher excited states are presented in Table 1, where the level com- 
MPinations are represented by vacuum wave numbers, above which 
“Yhe measured wave length in air and estimated intensities are given. 
| aye wo intensity numbers appear in parentheses after each wave length, 
evade bhe first is the intensity in the are and the second the intensity in 
he spark. These numbers show that the lines are a homogeneous 
Mroup, easily excited in the arc where a large percentage of atoms are 
neutral, but weak in the spark where most of the atoms are ionized. 
“Guided by relative intensities and by reasonable level separations 
[me we have hazarded an identification of many of the excited states, 
imeput these term symbols are subject to correction. It is especially 
ic Me difficult to select the single combinations with any certainty, but it 
ns [ee may be added that the only strong lines of the Lu, spectrum not in- 
je cluded in Table 1, are the following: 3,647.77 (50, 5), 4,518.58 
(wm (200, 40), 5,001.15 (100, 20). 
the Some of the unidentified levels may represent doublet-quartet in- 
nse tercombinations, but we have not succeeded as yet in completing 
iy 2ny quartet multiplets. The metastable ‘F (d’s) term is expected to 
dye be rather high in the energy diagram and its combinations are likely 
to consist mostly of weaker lines. 


’ Meggers and Scribner, J, Opt. Soc, Am., 17, p. 83; 1928. B.S. Jour. Research, 4 (RP 139), p. 169; 1920. 
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TABLE 1.—Multiplets in the Lu, spectrum 





ee ie a 


2D, 2D; 
0.0 1993.9 





—___ 


5, 736. 55 (40, 5) 6, 477. 68 (4, 2) 
17, 427. 17, 427. 26 15, 433. 37 

6, 004. 53 (100, 10) 
18, 643. 16, 649. 49 


5, 402. 57 (50, 5) 6, 055. 03 (25, 3) 
18,504.6 | 18,504. 58 16, 510. 63 

4, 658. 03 (50, 10) 5, 135. 10 (100, 15 
21, 462. : 21, 462. 31 19, 468. 41 


4, 498. 85 (8, 1) 4, 942. 34 (20, 3) 
2, 221. 69 20, 227. 70 

4, 904. 89 (50, 5) 

0, 382. 14 


99 99 > or 
hy ee 


— . ~ 


20, 382. 2 





4, 112. 67 (4, —) 
24, 308. 24, 308. 27 
4 


. 16 (3, —) 
. 39 


, 124. 73 (100, 15) 

24, 237. , 237. 20 

3, 567. 84 (80 10) 3, 841. 17 (100, 10) 
28, 020. 28, 020. 19 | 26, 026. 38 


3, 376. 51 (40, 8) | 620. 31 (3, —) 
29, 607. 607. 91 | 614. 10 


, 312. 11 (40, 10) 546. 39 (5, 1) 
30, 183. 183. 58 28, 189. 66 
359. 56 (50, 10) 
31, 751. : 757. 28 


, 278. 97 (40, 4) , 908. 41 (20, 3) 
30, 488. 30, 488. 63 494. 82 
| 93, 171. 36 (20, 4) , 385. 51 (25, 3) 
31, 523. 12 529. 20 
3, 080. 11 ‘ , 281. 73 (40, 4) 
2, 456. 98 30, 462. 99 








| 2, 989. 28 (15, 3) 
33, 443. | 33, 443. 14 

2, 903. 03 ( 3, 081. 45 (25, 5) 
34, 436. 34, 436. 70 32, 442. 86 


2, 728. 94 (8, : 2, 886. 02 (2, —) 

36, 633. 36, 633. 44 34, 639. 66 
| 2 692. 35 ( 2, 845. 13 (10, 2 

37,131.3 | 37, 131. 27 35, 131. 47 
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III. THE SPECTRUM OF SINGLY IONIZED Lu (Lum) 






fter selecting about 50 of the more intense spark lines (also strong 
he are) the corresponding vacuum wave numbers were systemati- 
y substracted, and three recurring differences (639.1, 1,763.8, 
B35) were at once recognized. These formed the nucleus of a 
-e-number system which was finally extended to that shown in 
le 2. The structure of this table is similar to that of Table 1. 
spectral term combinations are represented by vacuum wave 
Gumbers appearing directly below the observed wave lengths in air. 
The wave lengths are followed by arc and spark intensities in paren- 
heses, Lines marked d are double or complex with hyperfine struc- 
ire, and a few marked 7 are shaded to longer wave lengths. The 
iter involve rather high levels and begin to partake of the general 
baracter of lines which are more difficult to excite. The easily excited 
ines, such as a®D-a’P, appear with about equal intensity in are and 
‘park, but, in general, the other lines show increasing enhancement in 
ihe latter source as the values of the energy levels increase. Assum- 
ing that the three lines, 2,195.55, 2,615.43, and 3,507.39, arise from 
@ombinations of a 'S, term with levels having inner quantum number 
iz 1, the inner quantum numbers of the remaining levels are deter- 
mined from their combinations, and the levels are then grouped into 
farms. The combinations, intensities, and intervals have made it 
ssible to identify all of the levels, and there can hardly be any 
estion as to the correctness of the interpretation. Table 2 contains 
‘homogeneous group of lines and practically all of the lines of this 
alpen All of the expected terms of low energy content have 
Been established except 6'S, 6'D, a'G, and a’P’, which are probably 
'g high in the energy diagram that their principal combinations lie 
Mir out in the infra-red, 
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IV. THE SPECTRUM OF DOUBLY IONIZED Lu (Lu,,:) 


' Within the range of our observations five lines undoubtedly be- 
nging to Lu*+* atoms have been recorded. These lines are grouped 
multiplets in Table 3, where an interpretation of the combining 
levels is given. The letter e after an arc intensity signifies that the 
ine appeared only at the negative electrode. Two of the lines clearly 
show evidence of being afflicted with hyperfine structure. 


TABLE 3.—Multiplets in the Lu, spectrum 





2S 2D, 
0.0 6304.3 





2P, | 2,563.53(le, 50) 3,057.90(3e, 100) 
3,8997.0 | 38,997.0 32,692.7 

2P, | 2,236.19(3ed, 100) 2,603.34 (5ed, 200) 2,772.58(4e, 125) 
4,4705.0 | 44,705.0 38,400.7 36,056.9 














The arrangement and interpretation of these Lu,,, regularities may, 
perhaps, be questioned because of the abnormally large intensity of 

of 2,603.34 A (?D.P,), but the only other possibility is to inter- 
‘ ehange °S, and 7D, which would make the separation of 7D abnormally 
large. We hope to be able, ultimately, to confirm these terms with 
other combinations and more definitive intensities. 


V. COMPARISON OF 21 Sc, 39 Y, 57 La AND 71 Lu SPECTRA 


The lowest energy (normal state) in any atom with 3-valence elec- 
trons s*d is represented by a *D spectral term and such a term has 
been found in every case. These terms for Se,, Y,;, La,, and Lu, 
spectra are collected in Table 4. A more or less regular increase in 
tle separation of the °D levels accompanies the atomic number. 


TABLE 4.—Comparison of (s*d) 2D terms in Sc,, Y,, La,, and Lu, spectra 


Levels Se, g ‘ Lu, 





2D, | 0.0 | 0.0 
2D, | 168.3 30. 1, 053. 2 1, 993. 9 











In order to compare the analogous first spark spectra of these four 
elements the relative terms for ss, dd, and ds electron configurations 
rere collected in Table 5. There is a close resemblance between Y,, 
and Lu,, in thefrelative positions of the various terms, except that the 
separations in the latter case are much larger and the *F’ term has 
Meached a considerable altitude in the energy diagram. If this paral- 
Jelism can be extended to the undiscovered terms 'D, 'G, and °P’ 
they will be much higher and difficult to establish. 

, In the La,, spectrum the following additional middle terms have 

heen found: (sf) 'F, °F, (df) 'P, 'D’, TR, 2 oe he Ae A 

\o evidence of these terms has been found in any of the other spectra; 
115233°—30-—_6 
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their presence in La accounts for the relatively greater complexity , 
the La,, spectrum. 57 La is the last element just preceding the py, 
earths, 58 Ce-71 Lu, in which f-type electrons are added, and it appeg, 
that this feature of atom building is anticipated in La* so that in 1} 
excited state either a d or an s electron may occupy f-type orbix 
The fact that sf and df terms do not appear in the Lu,, spectrum j 
evidence that the completed group of fourteen f electrons is a clos 
shell of considerable stability resembling the rare gas shells. | 
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TasBLe 5.—Comparison of (ss), (dd), and (ds) terms in Sey, Yu, Lay, and | 
spectra 
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Terms of the analogous second spark spectra of these four elements 
are collected for comparison in Table 6. 


TABLE 6.—Comparison of d, s, and p terms in Sezzz, Yyz71, Layzyzz, and Luz; spec 





{ 
| 
| 


Electron Levels} Sei: as Lau: | Lu; 





27D, | 0 0.0 0.0 | , 304. 3 
2D; 198 724. 8 1,603.2 | 8, 

28: | 25, 537 , 466. 2 13, 590. 8 

2P,; | 62,102 1, 401. 2 42,0149 | 38, 9§ 
*P, | 62, 576 42, 954. 7 45, 110. 6 44,7 





If our interpretation of the Luj;; lines is correct, it supports other 
evidence that in the period of 5d and 6s electrons the latter become 
more stable than the former. Attention is called to the fact that 
the (ss) 'S terms of the first spark spectra (Table 5) show a trend 
very much like that of the (s) *S terms of the second spark spectra, 
being highest for Sc, considerably lower for La, and lowest for Y and 
Lu. The relatively small advantage of *S over *D in the Lujy spe 
trum appears to account for the decided advantage of 'S over *D #3 
the lowest term in the Lu,,; spectrum. 





Regularities in the Spectra of Lutecium 81 


Finally, it will be of interest to compare the total intervals of re- 
ted D terms of three successive spectra for each of the four elements 
-pyjssed above. These are presented in Table 7. 


.aLE 7.—Total separation of lowest D levels in successive spectra of Sc, Y, La, 
¥ and Lu 





Level sepa- Se : | i 


Spectrum ration 





2D."D; | 630.5 , 053.2 | 1,993.9 
3D, D; | | 609.7 , 355. 2, 402. 9 
2D,D; | 724.8 2, 343. 8 





[he three successive D terms for each element are intimately con- 
ected according to the theory of series convergence to limits, and 
he total separations should be the same (to a first approximation) 
r the successive spectra of each element. ‘The reality of this con- 
ection is obvious from the data in Table 7, and this may be regarded 
sa general verification of the term identifications and analyses of 


he Sc, Y, La, and Lu spectra. 
WasHinGton, March 7, 1930. 
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NEW CONSISTOMETER AND ITS APPLICATION TO 
GREASES AND TO OILS AT LOW TEMPERATURES ! 


By Ronald Bulkley and F. G. Bitner 


ABSTRACT 


\ consistometer is described which is suitable for determining the consistency 
af viscous and plastic materials in general, but which is more particularly advan- 
ous in obtaining flow-pressure diagrams for materials which change rapidly 
S eonsistency with time or which show a breakdown of structure with mechanical 
orking. ‘The limitations of some commonly used instruments are discussed, 
i the sources of error in the present instrument are pointed out. Flow-pres- 
re graphs of a cup grease at different temperatures and of various plastic oils 
0° C. are shown. 
The importance and the significance of the unworked consistency of the undis- 
rhbed material and of the thoroughly worked consistency of the completely 
ken down material are discussed. The method of measuring these properties 
the material with the new instrument are described in detail. 


CONTENTS 
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ll. Manner of operation -_-- - -- 


SIV. Calibration of capillaries. _._...------ 


\ haces a —— 
\. Some advantages of the instrument and some sources of error 
\J. Flow-pressure graphs of plastic lubricants = 


ml. COnCIUMORS 2-2 pone ad ee os 


I. INTRODUCTION 


The consistometer to be described here is rugged, simple of con- 
siruction, speedy in operation, and can be employed for either opaque 

clear materials of a wide range of consistencies. It also possesses 

vo features which are unusual in a consistometer, but which are 
i great importance in the testing of all such plastic materials as 
show a breakdown of structure with working, or which change in 
onsisteney with time. 

The first of these features is that the test material may be passed 
successively back and forth through the capillary any number of 
tines.” The second is that determinations of the rate of flow are 
made by passing only a very small volume of material through the 
capillary, thus minimizing the breakdown effect of the working which 
is incident to the measurement itself. 

With the aid of these two features the unworked, as well as the 
thoroughly worked, consistency of the material may be closely approx- 
mated. With such forms of instrument as permit of flow in one direc- 
tion only, and for which a large amount of material must be passed 
through the capillary for a single datum point, neither the unworked 


‘This paper was presented at the meeting of the Society of Rheology held at Washington, D. C., Dee. 
and 20, 1929, 


, Anothe r consistometer embodying this feature has recently been described by Scott Blair, The Flow 
Ula) Pastes Through Narrow Tubes, J. Phys. Chem., 33, pp. 321-330; 1929. This paper first came to 
‘Tatlention about a year after our own instrument had been put into use, 
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nor the worked consistency is obtained, but only an intermedig, 
consistency on partially worked and constantly changing mater 
The first of the two special features also makes it possible to obtip 
flow-pressure graphs at a number of temperatures with a single fill) 
of the instrument, or without removing the instrument from th 
bath. There are no weighings to be performed and no auriligy 
apparatus is required, suc h as pressure tanks, pressure regulators, ¢; 


II. DESCRIPTION OF THE INSTRUMENT 


The complete apparatus dismounted for photographing, toge( 
with all auxiliary appliances and two extra capillaries, is shown 
Figure 1. Figure 2 is a schematic representation of the instruney 
in operation. 

Referring to Figure 2, the device shown on the right is a mereyy 
leveling bulb equipped with two stopcocks and with a side arn ¢ 
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Figure 2.—Schematic represeniation of instrument in operation 


small-bore glass tubing. Since the movement of the mercury suriate 
in this tubing shows the volume of flow of the test material, the Vil 
ume of mercury per unit length of the tube must be determined. | 
clean mercury is employed and if the pressure tubing of the systems 
of high-grade sulphur-free rubber, the bore of the glass side arm mss 
safely be as great as 2.5 mm, without causing the mercury surface t 
assume an irregular form. This part of the apparatus is mounted 0! 
a clamp stand “outside the bath. The side arm must be accurate 
horizontal. 

The ball float valve A serves to prevent the passage of mercy 
into the consistometer in case of a sudden leak in the apparat 
It is joined to a second horizontal tube and then to a gooseneck Wi 

a safety bulb, and is connected by pressure tubing to the lev sling & 
vice outside the bath. Merely to conserve space, it is bent at an angle 
to the horizontal tube below it. When this tube has been leveled, 





irnal of Research, RP188 























Figure 1.—Bulkley consistometer and accessories 
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S frame on which the piece is mounted is clamped rigidly in position 
the bath once for all. The head of mercury effective in producing 
: js the vertical distance between the two horizontal tubes, and is 
asured on a millimeter scale attached to the bath. 
he consistometer proper is made entirely of metal. It consists 
gentially of two similarly constructed reservoirs to contain the test 
terial, joined at the bottom by the capillary through which the 
w is to be measured, and fitted with screw covers having suitable 
bilets for pressure connections. The instrument is hung in the bath 
© cide arms of brass straps. Similar strapsconnect the two containers 
tihe top. The capacity of each container need not be greater than 
em’. 
'The capillaries are interchangeable. They are equipped on one 
hd with a rigidly attached hexagonal nut and on the other with a 
pliar and gland nut, which permits ready dismounting and reassem- 
Hing of the instrument. 
' Each cover has two openings. The one centrally placed is closed 
an ordinary automobile tire valve, while the other is joined through 
¥3-way stopcock to the mercury float valve. 


III. MANNER OF OPERATION 


' Sufficient mercury is poured into the leveling bulb to fill the pres- 
fire system from some point on the lower horizontal tube to a 
forresponding point on the upper tube, as shown in Figure 2. At 
igher pressures slightly more mercury will be required than at low 
pressures, on account of the expansion of the rubber tubing. This 
djustment of the mercury volume is very easily and quickly made 
wough the leveling bulb in either direction as desired., Most of 
he mercury remains permanently in the pressure system for several 
Months or until fouled. 
| To prevent blowing air through the capillary and to reduce the 
Hotal volume of air in the apparatus, slightly more of the test material 
should be put into the consistometer than the amount required to 
Hil one container. Suppose the left-hand container to be more than 
half full and the right one to be less than half full of the material to 
etested. The covers are fitted tightly, the instrument is suspended 
nthe bath and connected to the pressure system through the flexible 
jonts B. When all is in readiness for a run, both cocks of the leveling 
device being open, the 3-way cocks above the float valve A are turned 
into such position as to connect both containers of the instrument 
vith A. The leveling device is raised sufficiently to give a head of 
nercury equivalent to the highest pressure desired in the run. By 
a lire pump, pressure is now applied through either of the tire valves 
D. There will be no appreciable flow of the test material during this 
rocedure, since the air pressure will be equal in both containers, 
ut the mercury in A will be forced out and up into the leveling device. 
When the pressure is just great enough to keep the mercury surfaces 
in the two horizontal tubes, stopcock C is closed. Flow of the test 
material through the capillary is started by relieving the pressure in 
the right-hand container of the instrument by connecting this con- 
talner to the atmosphere through its 3-way stopcock. The test 
iaterial flows through the capillary of the consistometer from left 
to nght. As flow proceeds the mercury surface in the lower hori- 
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zontal tube of the pressure system moves to the right, that in the 
upper tube to the left. Conditions at this instant are depicted iy 
Figure 2. 

Since the two horizontal tubes are approximately 2.5 mm ip 
diameter, no correction for the surface tension of the mercury js 
required. The slight pressure resulting from the difference of level 
of the test material in the two containers may be neglected except 
in the work of calibration and in such instances as demand the highest 
accuracy. 

The volume of flow of test material is equal to the volume of 
mercury displaced after the run has commenced. The rate of flow 
is therefore calculated by timing the motion of the upper mercury 
surface along a scale mounted behind the side arm. The volume of 
flow for one point on the flow-pressure graph need not be greater 
than 0.5 cm* to procure ample accuracy of measurement. After the 
time reading has been taken the run is allowed to proceed while the 
head is being measured and while the data are being recorded. To 
obtain a reading at a second pressure, it is not necessary to use the 
pump again or to disturb the setting of the stopcock. The leveling 
bulb is simply lowered to such a position that the mercury surfaces 
are again in the proper portions of the horizontal tubes, when the 
frame is again clamped into position and the rate of flow again timed. 

By the above procedure data for a great many points are obtained 
very speedily. If the air pressure in the system 1s partially relieved 
between runs by manipulating one of the 3-way stopcocks, greater 
decrements of pressure result. This method of operation is, perhaps, 
preferable to the first, since a much greater range of pressures may be 
covered in a given length of time. 

Data for the first flow-pressure relation having been obtained, those 
for any number of others at the same temperature or at other tem- 
peratures may be obtained by forcing the material back and forth 
through the capillary, taking readings as the material flows in either 
direction. 

If the material is a simple viscous liquid or if no concern is felt as to 
a possible breakdown in structure with working, the time required to 
establish thermal equilibrium before commencing the first run may be 
greatly lessened by forcing the material through the capillary with the 
pump. During this procedure the float valve and leveling bulb are 
cut out by the appropriate stopcock to permit the use of higher 
pressures. As the material passes through the capillary it is exposed 
to its environment in a thin stream, and in only one or two passages 
it has all acquired the proper test temperature. 


IV. CALIBRATION OF CAPILLARIES 


A method which is frequently employed for the calibration of the 
diameter of large capillary tubes, such as are ordinarily used for plastic 
materials, is the direct microscopic examination of the ends of the 
tube. This method, however, involves the somewhat doubtful 
assumption that the mean of the observed diameters of the two ends 
is the true effective diameter under conditions of flow. 

A more reliable method * consists in calculating the true effective 
diameter from the results of flow tests with liquids of known viscosity. 


ee and Bulkley, Calibration of the Buret Consistometer. Ind. & Eng. Chem., 19, pp. 134-139; 
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 Bitner 


'This procedure seems particularly commendable in the present in- 


stance, where it is desired to check not only the diameter of the capil- 


‘lary but also the general performance of the apparatus as a whole. 


Figures 3 and 4 show flow-pressure graphs for two capillaries for 


‘mineral oils whose viscosity at the different temperatures had been 
‘determined on a Bingham viscometer. The general accuracy of the 
' data may be inferred from the manner in which the points fall upon a 
straight line passing through the origin. From the slope of each 


Calibration 


Capillary A 











600 
Pressure, g per cm? 


Figure 3.—Calibration graphs for capillary A 


craph the diameter of the capillary may be calculated and compared 
with the diameter as measured directly. Since the kinetic energy 
correction is negligible here, we write from the ordinary equation for 


viscous flow 
128 
aft — 125 (“) 
mg \p 
where 


w= viscosity in poises. 

d=diameter of capillary, cm. 

l=length of capillary, cm. 

g= acceleration of gravity, cm/sec.’. 

q=rate of flow, cm® per sec. 

p=pressure difference producing flow, g per cm’, 








; 
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The quotient, ¢/p, is obtained directly from the diagram as the slo) 
of the flow-pressure graph. 

The agreement between values of d*/l as calculated from differey 
graphs for the same capillary is an index of the dependability of th 
apparatus and general procedure. The following table shows th 
agreement which is obtained between values of this quotient , 
calculated from flow tests and from direct measurement. The valy 
calculated from the graphs are considered the more reliable and hay 
been used in later work. All of the data for the three graphs of Figuy 


Calibration 
Copillary B. 
oO 
o 
") 
a 02 
yY 
a 
eel 
© 
> 
2 
< 
= 
} 
o 
aw 
So 
a 





200 A400 600 600 
Pressure, g per cm* 


Figure 4.—Calibration graphs for capillary B 


3 were obtained without removing the instrument from the bath. 
The same is true for the two graphs of Figure 4. 























Capillary A Capillary B 

20° C. | 25° C. | 30° C. | 25° ©. | 30°C. 
i ee a ee a ei 49.7 30.7 19.5 | 0.560 0, 429 
PO eee 2S ced a Uaate tend hieaiiemud cues eae 4.61 7.41 11.4} 2.44 3, 12 
i a EE ER ee ie Ne 952 945 924 5. 68 | 5. 56 
Average d‘/lX10’, calculated --...............-........---. 940. 4 5. 620 
Measured length, centimeters_........___________- 7. 54 7. 39 
Measured diameter, centimeters......_.___..__- . 163 0445 
d‘/l/X10' from measured diameter and length _____- 936 6.31 
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. SOME ADVANTAGES OF THE INSTRUMENT AND SOME 
SOURCES OF ERROR 


Of the various devices commonly employed for determining the 
nsistency of a plastic material, the capillary-tube type of instru- 
ient has been more thoroughly investigated than any other, both 
xperimentally and from a theoretical point of view. Many forms 
{ this type of instrument are in use, but practically all of them are 
uitable only for such materials as show no change of consistency 
ither with time or with mechanical working. 

F. L. Browne and Don Brouse * have emphasized the importance 
pf the change of casein glue with time, and have shown the limita- 
ions of the Herschel consistometer for this kind of material. The 
same disadvantages are inherent in the Bingham and Green plastome- 
er, of which the Herschel instrument is a modification. In a later 
yaper Brouse® has also mentioned the necessity for testing over a 
vide range of temperatures. For the above instruments a period of 
wo hours in the bath is required after each change of temperature 
or the material to acquire the temperature of test. Casein glue is 
nly one example of a great variety of substances which show a more 
r less rapid change of consistency with time, and flow-pressure 
raphs of other plastic materials are frequently desired at several 
temperatures. While the ideal instrument ‘‘with which measure- 
ments of flow under several different pressures can be made simul- 
taneously’ is not realized in the present case, the consistometer used 
y the present authors, nevertheless, does permit the worked material 
o be brought in a few minutes to the test temperature, and data for 
ive or six points on a flow-pressure graph can then be obtained in 
approximately the same time as required for a single point by the 
justrument Browne and Brouse employed. 

Theoretically, an instrument equipped with a flow meter, after the 
manner of Henry Green,® gives an instantaneous reading of the rate 
of flow. Practically, however, this offers very little saving of time 
in procuring data because of the relatively large amount of time 
which must still be used in taking readings, adjusting the pressure, 
etc. The calibration of a flow meter of the Green type is laborious, 
and a separate thermostat for the flow meter is desirable, if not utterly 


fessential, where tests are to be conducted at more than one tempera- 


ture. The calibration of the horizontal measuring tube of the present 
instrument is exceedingly simple, and the readings of rate of flow 
are obtained in a short enough time to make the instrument satis- 
factory for the testing of rapidly changing materials as well as 
materials which break down in structure with working. 

P. M. Giessey and S. Arzoomanian ’ have described a modification 
of the simple buret consistometer whereby the principle of the latter 
instrument may be applied to stiff substances, such as greases and 
dental pastes. The material used by these investigators possessed 
“some structure,” and on making a check run on material which 
remained in the instrument from a previous determination they found 
an increase of 50 per cent in the mobility. This very considerable 








‘The Consistency of Casein Glue, Colloid Symposium Monograph, 5, pp. 229-242; 1928. 
‘Consistency of Animal Glue, Ind. & Eng. Chem., 21, pp. 242-247; 1929. 
_* Further development of the Plastometer and Its Practical Application to Research and Routine 
Problems, Proc. Am. Soc. Test. Mats., 20, pt. 2, pp. 451-494; 1920. 
A New Rapid Extrusion Plastometer, Colloid Symposium Monograph, 6, pp. 253-258; 1928. 













































90 


Bureau of Standards Journal of Research 






change in consistency had evidently been produced by mechanigj 
working of the material in the container of the instrument while tm 
first run was proceeding. Presumably a much greater breakdow hy 
of structure would have been noted had the material been testuf 
again after its passage through the capillary, where the shearing ; 
much more severe than in the container. The indications are then 
fore that the first run, certainly, and the check run, perhaps, wep 
both made on material which was constantly changing. In this evyey 
neither run truly represents the consistency either of the unworke 
or the thoroughly worked material. 

This instance is cited not as a criticism of a particular investiy 
tion, but merely as an example of the practice, which has been mop 
or less common in the past, of submitting a material possessiy 
structure to a single passage through the capillary. The results ¢ 
such a procedure are usually of little practical value, since, in gener} 
either the unworked or the thoroughly worked consistency is desired, 
Thus when starting an engine in cold weather, if the oil 1s congeale 
in the feed lines and bearings, its unworked consistency is of pari. 
mount importance. After a few minutes’ running, however, tly 
structure of the oil is completely broken down and the worked cov. 
sistency is desired. The consistency in an intermediate conditio: 
is of little significance. 

For many materials this breakdown of structure is, of course, w 


























recognized, and in the case of greases the American Society {i ffol t 
Testing Materials * has tentatively specified a definite procedure fo: me: 
working the material before test. The structure may be present i fMdur 
many other materials, however, where its existence would remain f—obs 
unsuspected unless tested for directly. It is known to develop if— A 
certain paint pastes,® and in enamel slips containing a small per pati 
centage of clay, if these materials are allowed to stand undisturbed the 
for some time after working. As will be shown later, oils which [me 
have become plastic at a low temperature also manifest this be- fBthe 





havior. The same phenomenon has been observed in the case of Bol 





many other colloidal systems by Freundlich and has been called Rol 
by him thixotropy. pthe 

Strictly speaking, the experimental determination of the unworke! 0 
consistency of a plastic material is an impossibility. It is conceiy- eat 
able that some method of testing could be devised whereby the Js™ 
unworked consistency could be approximated through a backwai & 
extrapolation. A more practical expedient, and one which gives 4 VI 





sufficiently accurate approximation for many purposes, is to make | 
several observations of the rate of flow over a range of pressures by 
the passage of only a small amount of material through the capillary. 
As shown by Giesy and Arzoomanian, and as will be shown her 
later, the breakdown of structure in the container is often so great 
that when several grams of material are passed for a single datum 
point even an approximation of the unworked consistency is im- 
possible. 
If a material increases in stiffness only slowly after working, its 
thoroughly worked consistency may be determined at room tel- 
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* Tentative Method of Test for Penetration of Greases, Proc. Am. Soc. Test. Mats., 26, pt. 1, pp. 834-859 
1926 

* H. L. Beakes, Settling of Pigments in House Paints, Ind. & Eng. Chem., 21, pp. 1118-1121; 1929. 

10H. Freundlich and L. L. Bireumshau, Thixotropic Behavior of Aluminum Hydroxide Gels, Kolloi¢ 
Z., 40, pp. 19-22; 1926. 
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qpmerature on practically any of the instruments commonly employed. 
em hen the plastic properties exist largely as a result of cooling, how- 
Peer, as in the case of a frozen oil or gelatin, the broken-down con- 
tency in the cooled condition can be measured only with an instru- 
Ment in which the material is maintained at the test temperature 
Wntinuously while being worked and tested. The effects of any 
Borking received by a plastic oil at 0° C., for instance, are com- 
Betely destroyed by exposing the oil to the temperature of the room 
hile we eighing the oil and returning it to the consistometer, as must 
}e done in the Bingham instrument and its various modifications. 
| The instrument herein described is well adapted for the purpose 
{ determining the consistency of plastic materials in general, and 
hore partic ularly for the special materials considered in ‘this section. 
It is also suitable for the determination of the viscosity of true 
Sqguids which are too opaque or too viscous to be handled readily 
in viscometers of the Ostwald or the Bingham type. At the present 
Hime there is a great dearth of instruments with which viscosities 
higher than 30 or 40 poises can be measured to an accuracy of 5 per 
gent without an excessive consumption of time. With the present 
mstrument the rapid measurement of viscosities of several thousands 
o{ poises to an accuracy of +2 per cent is entirely feasible. 

The chief source of error in the instrument is the change of volume 
Which is brought about in the air in the system by a change either 
of temperature or of pressure. Since the volume of flow which is 
measured is small, a given percentage change in the volume of air 
during a test produces a relatively large percentage error in the 
‘observed rate of flow. 

As a numerical example, if the total volume of the air in the appa- 
ratus is 20 cm’ and if the head of mercury producing flow is 24 em, 
then for a volume of flow of 1 cm® a change of pressure of 1 mm of 
mercury will result in a 2 per cent error in the observed rate of flow if 
ithe change takes place during the timed interval. Similarly, a change 
of temperature of 0.1° C. during a timed interval produces an error 
‘of about 0.8 per cent in the observed rate of flow. This emphasizes 
ithe necessity for using great care in leveling the horizontal tubes and 
in accurately controlling the temperature of the bath. It also indi- 
cates the desirability of having the volume of air in the system as 
Fsmall as practicable. 


VI. FLOW-PRESSURE GRAPHS OF PLASTIC LUBRICANTS 


The data for the graphs shown in this section were taken on an 
earlier form of the instrument in which a safety reservoir was em- 
ployed in place of the float valve. The degree of accuracy of the 
data is therefore not as high as that obtained in the calibration of the 
capillaries. In most cases the graphs are straight lines throughout 
the greater portion of their length, and the method of treatment pro- 
posed by Bingham " is apparently the most satisfactory for obtain- 
Ing numerical constants for the consistency of the material. How- 
ever, since the present purpose is merely to illustrate the utility of 
the instrument in procuring consistency data, discussion of the sig- 
nificance of these constants in lubrication practice e, not only © for 


! We are indebted to E. F. Mueller, of the Bureau of Standards, for the suggestion to substitute a float 
V lve for the safety reservoir. 
" Fluidity and Plasticity, McGraw Hill; 1922. 








92 Bureau of Standards Journal of Research tral 
greases but for oils at low temperatures as well will be reserved {, 
subsequent publication. 
Figure 5 is an example of the use of the instrument in obtainiy 
flow-pressure diagrams on cup greases. The grease used here yh 
of medium grade, showing a penetration of 241 at 77° F. on ip 
standard A. S. T. M. penetrometer." All of the data shown af 
“ie gg 5 were obtained without removing the instrument from iif) 
ath. : 
Before filling the consistometer to obtain the data of Figure 5 iyi. 
grease was broken down in an A. S. T. M. grease worker to a constayf 4 
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Ficure 5.—Flow-pressure graphs on medium cup grease 


consistency at room temperature. There was, consequently, no fur- 
ther breaking down of the grease as it passed through the capillary 
at the higher temperatures where the tests were made. Such would 
not be the case, however, for an oil or a grease cooled to a low tem- 
perature before test. To illustrate the unique utility of the instrv- 
ment in such cases, Figures 6, 7, and 8 are given. 

H. K. Griffin and S. A. McKee, in an unpublished investigation at 
the Bureau of Standards, have shown that a plastic oil cooled below 
its pour point does not at first flow at a steady rate through a consist- 
ometer capillary, even when the pressure producing flow is maintained 





18 See footnote 8, p. 90. 
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nstant. The rate instead gradually increases over a considerable 
riod of time, but ultimately acquires a steady value, greatly in 
Beeoss of that initially observed. This behavior was explained by 
Brifin and McKee as due to a breaking down of the structure of the 
Bongealed oil in the body of the consistometer before the material had 
Dak wet arrived at the entrance to the capillary. The observations of 
n th Wiesev and Arzoomanian, which must be explained in the same man- 
‘her, have already been cited. 

5 thi * Figure 6 shows a test of a heavy paraffin-base oil with the instrument 
stun{ here described. The oil was cooled in the instrument without any 





cm? per sec. 


Rate of flow, 





200 400 600 600 
Pressure, g per cm’ 


Figure 6.—Breakdown of a plastic oil before passing 
through capillary 

I- 
ry & disturbance for two hours before commencing the first test. An 
ld & initial pressure of about 660 g per cm? was applied and maintained 
u- ® while nine observations of the rate of flow were taken. The rate 
u- & increased to about 170 per cent of its initial value before it became 
even approximately constant. Thé pressure was lowered through 
at J successive stages to give the graph represented by the empty circles, 
w —& and was then increased and again lowered by steps to give the solid 
t- # circles, all the points on the figure representing a single passage 
ad through the capillary. These graphs and many more of a similar 
- — nature which have been taken completely confirm the phenomenon 
| observed by Griffin and McKee, as well as the interpretation they gave, 
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In the instrument used by these investigators it was not possible yhg 
follow the breakdown process further. In the ordinary plastomei 
even this primary breakdown of structure completely  escap, 
detection. 

The far greater breakdown produced by passing the material throwifq 
the capillary is shown by the triangles and crosses of Figure 7, whid 
represent, respectively, the first and fifth passages of a plastic , 
through the same capillary as employed in Figure 6. The hook 
the upper end of the graph represented by triangles is due to th 
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Figure 7.—Breakdown due to successive passages through 
capillary; also lime effect of cooling 






phenomenon shown in Figure 6, and indicates that the breakdown ¢! 
the material is so great for the first part of the run that the rate 0! 
flow actually increases at first even though the pressure has been 
lowered somewhat. The same behavior has been ebserved in many 
other instances. 

The solid circles of Figure 7 show that at a low temperature this 
oil possesses the property of thixotropy as already mentioned. Thus, 
after taking the data represented by crosses, the broken-down © 
was allowed to stand at the same temperature undisturbed for two 
additional hours, when its resistance to flow was found to be greatly 
increased. The data represented by the empty circles were taket 
on a fresh sample of the same oil and show that the oil behaves some 
what like a glue or jelly in requiring a considerably longer time 1 
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ible ye geach its maximum stiffness than that required for it merely to assume 
Babe temperature of test. While, by actual measurement, it was 
own that less than 2 hours’ standing in the bath was ample for all 
Me oil to come to 0° C., yet a sample cooled for 5 hours shows a 
euch higher resistance to flow than the same oil cooled 2 hours and 
if@ minutes. These features emphasize the necessity of a standard- 
d period of cooling for any lubricant on which a viscometric inves- 
Meation is to be conducted at a low temperature. 
































S 
PS 
w 











S 
wm 
So 





/ om? per sec 


























4 ist passage 
ai Shr 20min 


O 3rd passage 
2 at 0°C. 


@ 6th passage 





























Pr Te 


— — — 





600 600 


Pressure, g per cm? 


Ficure 8.—Manner of obtaining both unworked and 
completely worked consistency 


Before proceeding to Figure 8 it should be pointed out that of all 
no! the graphs on Figures 6 and 7 the only one which may possess any 
ei [value whatsoever as a reproducible index of the consistency of the 
been Moll under test is the one shown by crosses on Figure 7, representing 
any /the fifth passage through the capillary. All the other graphs on 

_[Ethese two figures represent data taken on a constantly changing 
this material. For a graph to be of value as representing the consistency 
hus, J of a plastic oil under reproducible conditions, it must show either the 
ol consistency of the solid, undisturbed material or that of the oil 
two thoroughly worked and broken down to a constant consistency. 
atly Figure 8 shows how flow-pressure graphs for both these sets of 
ken # circumstances may easily be obtained on the new instrument. Ad- 
me fF mittedly, the cooling period should be much longer than the three 


dies 115233°—30-—1 
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hours employed here if the data were to be used for other thanil 
trative purposes. The oil is cooled in the instrument the desiy 
length of time without being disturbed. A single point is take, fi} 
a suitable pressure by forcing as small an amount of material 
practicable through the capillary. The flow is stopped while } 
pressure is raised “to a somewhat higher level and a second point] 
taken, again on a small amount of material. The total volune 
flow for both points need not be in excess of 0.5 cm*. Since tJ 
flow-pressure graph of a grease or plastic oil is usually linear ence 
at the lowest pressures, a straight line connecting these two poi 
affords a satisfactory approximation to the true consistency of ¢} 
solid, unworked oil. This is represented by the two triangles 
nected with a straight line on Figure 8. 

A closer approximation to the unworked consistency could | 
obtained by correcting each of these two points downward, accordin 
to the scheme suggested by the data taken at constant pressure {i 
Figure 6. That is to say, the total volume of material which hg 
passed through the capillary might be determined when each | 
several separate rates of flow is measured, all the time keeping {| 
pressure constant. The rates could then be plotted agains: th 
respective total volumes measured, and this curve extrapolated back 
ward to zero volume of flow. The corresponding rate would represe 
very closely the starting rate of flow at the pressure employed. 

The remaining triangles of Figure 8 show the data obtained }y 
continuing the first passage of the material through the capillary 1 
the manner which would ordinarily be employed to procure a fioy. 
pressure graph. ‘These points are the ones which would be regari 
as representing the consistency of the oil, were it not possible | 
make successive passages of the material through the capillary. | 
is evident that information of this type may be very misleading, sine 
both the slope of the graph and its intercept on the pressure ax 
are vastly different from those obtained when tests are made cith 
on the worked or the unworked material. 

As illustrated by the two sets of circles on Figure 8, the work: 
consistency is measured on the new instrument simply by passin 
the oil back and forth through the capillary a number of times befor 
teking the flow-pressure graph. To be assured that further work; 
will not produce any further breaking down of the material, addition: 
graphs may be taken as checks. 


VII. CONCLUSIONS 


. The consistometer described is speedy in operation and permis 
the taking of any number of flow-pressure graphs at the same 0! 
different temper atures without refilling or removing from the bath. 
It is suitable for materials which change i in consistency with time 0! 
with mechanical working. It possesses “the unusual advantage that 
can be used to measure either the unworked or the worked consistency 
of plastic materials at any temperature. These are the properties 
generally recognized as most useful in characterizing such materials 
2. Certain oils at low temperatures show the property of thixotropy, 
and require a standardized period of cooling to assume a reproducible 
consistency. 


Wasuineoton, November 19, 1929. 
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i AND CERAMIC BODIES 
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ire (ie ' ABSTRACT 
‘h hl! A new test was dev veloped for comparing the strains existing between different 
ich offeglazes or other ceramic finishes and the bodies to which they are applied. By its 
et Mee these strains may be so adjusted that the finishes will be in sufficient ecom- 
5 @ession to prevent crazing from subsequent expansion of the body without 
t TMEusing initial shivering. The new test is particularly valuable because the 
backi|easurements are made on combinations of glaze and body prepared and treated 
resonfammost exactly like those intended for regular use and because of the simplicity 
Mand cheapness of the apparatus required. A modification of the test provides a 
| jeeomparison of the moisture expansions of different bodies, 
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SSIl I. INTRODUCTION 
oil) 
kuz In selecting glazes or other finishes for ceramic bodies it is essential 
ont to know to what extent the finish may be in compression or in tension 
without causing delayed crazing ’ or shivering. If a glaze is in strong 
compression on newly fired bodies it is not likely to be thrown into 
tension from the subsequent expansion of the body. It is therefore 
nitsMEless apt to develop delayed crazing than a glaze in tension or only 
, or feunder slight compression. If a ceramic finish is under excessive 
ath, |ecO™Mpression it may shiver. 
D0 The purpose of this work was to develop a simple, cheap, and rapid 
tit means for measuring the strains existing between glazes and the bodies 
nes . which they are “applied. This test will also be of assistance in 
ties eceVeloping new glazes and bodies on which the glaze should be 
als, Je adequate compression to prevent crazing, but still should not be 
py, in sullica lent compression to cause shivel ring. 
ae ar PEG EN TEE 








Research associates of the National Terra Cotta Society at ie National Bureau of Standards. 
: rey of ‘Testing Crazing of Glazes Caused by Increases in Size of Ceramic Bodies, J. Am. Ceram. 
dO » Pp. 271-272; 1928. 
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II. EXPERIMENTAL METHODS 


The specimens used for these tests are 2-inch diameter holly: 
cylindrical rings with the glaze or other ceramic finish to be tesis[f 
applied to the outside only. (See fig. 1.) Care must be taken not; 
glaze the inside surface or edges, otherwise an error would be inty, 
duced. 

After firing, two grooves or holes are cut in one edge of the rip 
approximately one-fourth inch apart and large enough to hold g 
capillary tubes one-eighth inch long and one thirty-second inch 
diameter. These thin capillary tubes are prepared by heatiy 
thicker tubes and drawing them down to a thread to make {i 
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Reference ' 
marks. Distance to 
be measured. 


> 


Specimen with capillary 
reference marks in place 


Specimen cut open between 
the reference marks. 


Figure 1.—Sketch of ring specimen 


capillary holes small, and thus provide sharp reference marks whet 
observed under the microscope. They are cemented in the holes «! 
grooves with a litharge glycerin mixture or other suitable adhesive 
The distance between the two reference marks is then measured 3 
accurately as possible with a micrometer microscope similar to that 
shown in Figure 2.° 

The rings are then cut open between the reference marks with ! 
diamond saw or a narrow crystalon grinding wheel. By remeasuring 
these distances after cutting, the expansions or contractions of the 
rings may be observed. The expansions or contractions of rings 
with no glaze are also determined, and these are subtracted from the 




















3In making these measurements it is important to keep the reference marks as nearly parallel to te 
horizontal cross hair or direction of measurement as possible. 
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easurements obtained on the corresponding glazed rings to obtain 
"Fhe true expansions or contractions caused by partially releasing the 
Firains between the glaze and body. 

If the glazes are in tension the ring will expand when cut open, 
ut if in compression it will contract. Hence, the expansion or con- 
# Graction of the rings may be used as approximate measurements of 
“Whether the glazes are in tension or compression. 
> {[n the work reported in this paper the expansion or contraction of 
Fhe rings was determined as described above by one measurement 
Gyithout attempting to determine the actual stresses in the glazes. 











Fiaure 2.—Apparatus used to measure the 
expansion or contraction of rings 


To determine the actual stresses in the glazes would be too involved 
for plant control and most laboratory work, in which cases it is merely 
desired to know if the glaze is in tension or compression and approxi- 
mately how much. 

The maximum stresses which have been released in the body and 
glaze by cutting the rings open may be also determined with Merri- 
man’s * curved beam formula. 

In Figure 3, ab represents the change in length of the inside, while 
AB represents the change in length of the outside of the curved beam 


‘ Merriman, M., Mechanics of Materials, p. 435, John Wiley & Sons, New York; 1916. 










































due to cutting the ring open. These changes in length may be me. 
ured directly between short distances on the outside and inside , 
the rings by means of th 
micrometer microscope 
From these data the ang) 
between Aa and Bb my 
be calculated. The curve 
beam formulas for calculy:. 
ing the maximum fibe 
stresses in this case are 
follows: 


FIGureE 3 


S, =maximum fiber unit stress which was released on glaze by cutting 
open the ring, in pounds per square inch. 

S;= maximum fiber unit stress which was released on body, in pounds 
per square inch. 

6= 360°. 

dé= angle between Aa and Bb. 

2, =outside radius of ring, in inches. 

2) =inside radius of ring, in inches. 

r =radius of neutral surface, in inches. 

, = modulus of elasticity of glazes, in pounds per square inch. 

E,= modulus of elasticity of body, in pounds per square inch. 


III. RESULTS OF TESTS ON NEWLY FIRED WARE 





To determine how much a slip finish may be in tension befor 
it crazes and also how much it may be in compression before it shivers, 
24 bodies were prepared with coefficients of thermal expansion varying 
from 5 10~* to 13.2 10~*. These coefficients were calculated from 
interferometer measurements between 20° and 600° C. made on the 
separate burned clays from which the 24 bodies were compounded. 
These were molded into ring specimens and the same vitreous slip 
finish applied to all, after which they were fired to cone 6. 

The average results of strain tests made on five duplicate rings are 
given in Table 1 and plotted in Figure 4. It is apparent that a slip 
finish may be in compression sufficient to cause a contraction of the 
ring of 0.0308 cm in circumference without shivering. The values 
obtained where the slip had crazed are too low, since some of the 
strain between body and slip has been relieved through crazing 0! 
the slip. By examining results which show the slip to be in tension 
but still sound, it is apparent that the slip may cause the rings to 
expand 0.0071 cm in circumference without crazing. If, however, 
the expansion is higher, it may develop crazing. It is apparent that 
this slip can be under considerable compression before it shivers, but 
crazing may occur when under a comparatively small tension. 
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FicurE 4.—Relation between expansions and contractions of rings and the 
tendency of glazes to craze or shiver 
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lasLE 1.—The relation between ring tests and the tendency of a slip finish to craze 
or shiver 
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strains between| removed 

glaze and body} from kiln 
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a The expansions of rings which were crazed when removed from the kiln are marked plus, sinee some of 
he strain between the body and slip has been relieved by crazing of the slip. 
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TABLE 2.—The relation between ring tests and the tendency of different ceray, 
finishes to craze 
BRIGHT GLAZES 








ne 
lz xpansions (+) Condition of | 
| or contractions | Condition of glaze after 
(—) of glazed glaze when treatment with | 
| rings due to | removed from | steam at 150 
| strains between kil Ibs./in.? 
| glaze and body for 1 hour 

















MAT GLAZES 





—0. 0140 
—. 0106 
. 0103 
. 0043 
. 0005 
. 0030+ 
. 0033+ 








—0. 0066 
. 0020+ 
- 0040+ 
. 0063+- 
. 0090+- 











The results of similar tests with different glazes and slip finish 


are given in Table 2. It is evident from these that glazes or slij; 
in strong compression on newly fired bodies do not craze even whe 


treated with steam at 150 lbs./in.? for one hour. 
which were in tension when removed from the kiln were crazed. 


i 


seems, therefore, that the use of glazes which are under strong con- 
pression on newly fired ware would tend to obviate delayed crazing 


due to moisture. 

These tests confirm previous work done on glazes by the auto- 
clave ° and interferometer methods.® 

In general, the mat glazes were found to be in greater compressi0l 
than the other ceramic finishes tested, although some mat glazes 
were not as good in this respect as certain bright glazes. This 
apparently shows that the mat glazes tested have a lower therm 
expansion than the other glazes. 


IV. THE RING TEST AS A MEANS OF MEASURING 
MOISTURE EXPANSIONS OF CERAMIC BODIES 


Since certain ceramic bodies expand when treated with water 
while the glaze remains relatively constant in size, it is obvious tha’ 
open glazed rings may be used to obtain an approximate n measure 





5 H. G. Schurecht, Methods of Testing Crazing of Glazes Caused by Increase in Size of Ceramic ! 

J. Am. Ceram. Soc., 11, No. 6; 1928. ; 
6 George Merritt, Application of the Interferometer to Measurements of the Thermal Dilatation 

Ceramic Materials, B. 8. Sci. Paper No. 485; 1924, 
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ent of the moisture expansions of ceramic bodies. Rings and bars 
the same body were prepared for the purpose of comparing the 
pansions Obtained in the two tests when the specimens were sub- 
ted to the same treatments. They were completely immersed 
» water for seven days, after which the distances between the refer- 
¥ marks were measured while wet and also after drying at 110° C. 
2 hours. These distances were also measured subsequent to 
i sted them to steam at a pressure of 150 lbs./in.? for one hour. 
by this means the same ring can be used as a measure of the strain 
id also as an approximation of the moisture expansion. 


Treated with steam 
Tmmersed under at 150 lbs. per in* 
water 7 days. pressure for | hr. 
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FicurE 5.—A comparison of the moisture expansions of a ceramic body and 
the expansion of rings 


The results obtained with glazed rings, cut open between the 
reierence marks, and bars made of the same body have been plotted 
in Figure 5. Itis evident that the expansions of the rings are approxi- 
mately proportional to those of the bars. 

Similar data for a number of other bodies are given in Table 3. 
From these data it is again evident that the expansions of the rings, 
in general, increase as the expansions of the bars increase. Although 
he ring moisture ¢ ‘xpansion test is not as accurate as the bar moisture 
‘xpansion test, it can be conducted in less time and with inexpensive 
equipment, 
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TABLE 3.—Exzpansions of rings and bars caused by autoclave treatment 





| 
Treated in an autoclave at | 
a steam pressure of 150 
Ibs./in.? for 1 hour 


| Expansion Expansion 
| of rings of bars 





| Per cent 
0. 033 
. 039 
. 057 
. 042 
. USS 








= i proc 
oper 

As an illustration of further possible applications of ring tests ifm © 
ceramics it might be stated that it has been planned to use modif. 
cations of this test in future work to compare the resistance of cerami 
finishes to strain and to determine the annealing temperatures ¢ 
glazes and other ceramic finishes. 


V. SUMMARY AND CONCLUSIONS 


1. A test was developed for measuring strains between glazes or 
other ceramic finishes and bodies. 

2. Glazes can be under considerable compression without shivering 
but they craze when under comparatively small tension. 

3. The simplicity and ease of making the ring test on cerami 
finishes admirably suit it as a means of plant control work. 

4. With the aid of the ring test it is possible to fit glazes to bodies 
so that they will be in sufficient compression to prevent moisture 
crazing and still not be in compression enough to cause shivering. 

5. It was demonstrated that the ring test may be used to compar 
approximately the moisture expansions of ceramic bodies. 

6. In general, it was found that mat glazes, owing to their lowe 
thermal expansions, are in stronger compression on ceramic bodies 
than bright glazes and hence are more resistant to crazing. 


Wasuineton, October 16, 1929. 
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THE PREPARATION OF FIBER TEST SHEETS 
By Merle B. Shaw, George W. Bicking, and Leo W. Snyder 


ABSTRACT 


The need in the paper-making research at the bureau for a laboratory test that 
is analogous to paper-mill processes has led to the construction of a suction sheet 
machine and the development of a method of preparing fiber sheets. The test 
procedure relates to the forming of the sheet on the mold and the subsequent 
operations of couc hing, pressing, and drying. A complete description of the 
equipment and technic employed is given. 

Test data on the finished papers show that the fibers are uniformly distributed 
in sheets made by the method described, and that the different sheets of a series 
made from a given sample of stock are in close agreement, and can be duplicated 
as desired. The personal equation is reduced to a minimum and comparable 
results are obtained by different operators. 

The size of the finished sheets is adequate to supply specimens for each kind of 
test ordinarily made to evaluate the quality of paper. 

rhe results obtained warrant the view that the method is practical and is useful 
for mill control or paper-making research. 
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I. INTRODUCTION 


In investigating new materials for paper it is often desirable to 
study the behavior of the fibers under paper-manufacturing conditions 
without actually making paper-machine runs, which are costly and 
require considerable quantities of fibrous materials. Several labora- 
tory methods for evaluating the quality of pulp for paper-making 
purposes have been proposed,' but none has as yet been adopted as a 
standard procedure. This paper describes the method which has 
been developed? in the paper laboratory of the Bureau of Standards 
und is used in the preparation of fiber test sheets. 

The determination of the strength of fibers for paper making 
includes several different operations—sheet forming, pressing, dry- 
ing, and testing—and all need to be standardized in order to obtain 
a method that is reliable as a whole. The pulp used | in making fiber 


The Bibliography of Wood Pulp Strength Tuting, W.F. seen Paper Trade J.,89, No. 12, pp. 62-72, 
Sept. 19, 1929, gives very complete abstracts of many of the published articles on this work. 

! Method of Ms aking Uniform Fiber Sheets for Test Purposes, Merle B. 7. and George W. Bicking, 
Paper Trade J., 79, No. 21, pp. 51-53; Nov, 20, 1924, Also included in B. 8. Tech, Paper No. 340, Caro4 
fiber for Paper Making, pp. 326-332, 

105 
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sheets at the bureau is in most cases taken from stock prepared in jj 
semicommercial beaters of the mill equipment. The sheet-makiy 
method adopted and described relates to the forming, couchiy 
pressing, and drying of the sheet. 


II. DESCRIPTION OF APPARATUS 
1. AGITATOR 


An agitator is used to separate the clots of fibers without beatiy 
action and to mix the pulp and water preparatory to forming the she 
The agitator (fig. 1) consists of a vertical shaft having a 2-bla4; 
propeller fitted in the lower end, and is driven by a }-horsepowe 
motor at a speed of 1,750 revolutions per minute. It is mount: 
on a board free to move up and down in vertical guides on either sid 
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FicurRE 2.—Working drawing of sheet machine and couching plate 


A counterweight facilitates the movement and keeps the apparatt 
in the position desired. A stop watch used to indicate the duratio! 
of the mixing is started and stopped simultaneously with the mot 
by means of a lever bar tripped by the motor switch. The watei 
can also be operated by hand. 

The mixing vessel has a capacity of 1% gallons. A baffle plat 
B, 1 inch in width, extending from top to bottom and fastened | 
the side wall, breaks up the swirl of the liquid and produces th 
necessary turbulent motion. 


2. SHEET MACHINE 


The sheet machine is a suction mold. It consists of 3 sections, ° 
brass and 1 aluminum (fig. 2, A, B, and C, respectively). 

Fitted into the casting of the top section, A, is a 10 by 12 inch sheet 
brass box (18 gage brass), open at top and bottom and forming ! 
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Vicgure 1,—Agitator and mixing vessel 
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Weckle box... On the under side of the casting a rubber gasket is 
emented (with shellac) to effect a tight seal when the mold is assem- 
led and the top is clamped down. With a 10 by 12 inch deckle area 
trimmed sheet 8 by 10% inches in size is obtained. From a sheet of 
his size test specimens may be cut for each kind of test ordinarily 
nade to evaluate the quality of paper. Since no difficulty is en- 
ountered in making 10 by 12 inch sheets of uniform formation and 
ight, these dimensions are believed to be the most satisfactory and 
conomical. 

In the mold casting, B, is a perforated brass plate, P, drilled with 

inch holes at %-inch centers. The plate is covered first by No. 10 
brass wire cloth, soldered to it at the edges, and then by No. 80, 
tretched taut over the mold and held securely by a frame screwed to 
he casting. A mixture of litharge and glycerine poured on the edges 
{the mold makes the joint tight and thus prevents leakage. The 
mold plate supporting the screens must be level if a uniform sheet is 
to be secured. 

The lower casting, or mold support, C, has a water outlet fitted with 
a quick-opening gate valve. A steam ejector is placed in the dis- 
charge pipe below to accelerate the suction. Two vertical \-inch 
sluminum plates across the casting prevent sagging of the mold plate. 
Arubber tube fitted in a groove in the top of the casting makes a tight 
seal with the mold when the machine is in operation. 

In most of the sheet-making machines now in use the clearance 
between the wire on which the sheet is formed and the suction outlet 
issmall. The rate of drainage for these machines is nearly always 
specified, and is nearly always very slow. If much suction is applied 
during the forming of the sheets the fibers are drawn to the area over 
the suction opening and the sheet formed is therefore of uneven 
thickness and weight. If a baffle plate is placed above the suction 
opening the fibers are then drawn to the edges of the sheet, causing, 
as before, resultant inequalities in the substance of the sheet. These 
conditions are prevented and uniform fiber distribution is obtained 
with the bureau’s sheet machine by increasing the height of the mold 
plate above the outlet valve and changing the form of the base casting. 
The casting (fig. 2, C) consists of a rectangular box perpendicular to 
the mold plate, a truncated pyramid, and a cylindrical section for 
pipe connections, the heights of which are 4 inches, 4 inches, and 2 
inches, respectively. 


3. COUCHING PLATE AND FELT 


_A perforated brass plate (fig. 2) is used in transferring, or ‘‘couch- 
ing,” the sheet from the mold for the subsequent pressing and drying 
operations. The plate, which is %-inch thick and drilled with }-inch 
holes at -inch centers, is similar to the mold plate and is mounted in a 
frame of the same size as the mold casting. A No. 20 wire screen is 
stretched over the plate and soldered to it at the edges. 

Hand sheets have generally been couched by placing an absorbent 
material, such as a blotter or felt, over the web of pulp, pressing it 
lightly against the molded sheet, and lifting it and the adhering sheet 
irom the mold. This procedure requires extreme care in removing 
the sheet to prevent any undue stresses that might disturb the original 





° A deckle ay a frame laid upon a wire mold to confine the paper pulp to a definite area, thus limiting 
the size of the sheet. 
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position of the fibers, particularly in lightweight sheets, because » 
their tendency to tear and leave portions adhering to the screen, 
use of the perforated plate the sheet with couching felt and plaj 
superposed can be inverted, returned to the sheet machine, ay 
transferred to the felt by suction. This modification simplifies thy 
couching procedure considerably. 

Blotters and felts are the couching materials generally used j 
removing hand sheets from the screen. Experimental data as to thei 
comparative value were not available, however, and tests wer 
therefore made to determine the number of times each could be used 
ease with which they could be handled, and their comparative effec 
on the strength of the finished fiber sheets. The blotting paper use 
had the following properties.* 

Weight: 
inp Oy SU Anenes, Dov Gnees. .... 2 ao eseee saps -pounds__ 266, () 
DY 2e SNONes, MOO GNOMNEG: Wc ace anc ec cccsnsusecceap etd 121.3 
ONIN st Sh iy on fn bk eaves pact aycaie iraae genes eae 02 
Bursting strength______- ~~ pe “5 eee ee 
Fiber composition: 
Rag per cent._ 50.) 
Chemical wood_ eat : bitte iui wie 50. ( 
Absorption (1 ce distilled water) seconds._ 41. 0) 

The felt was similar in quality to paper-machine felts, smoot! 
napless, and of a weave that permitted ready passage of air throug! 
it when suction was applied. Other physical properties were: 
Weight per square yard : err ae 
Thread count per inch, warp----------- i abiins Satna ae 
nl re 
oS Se eee ee eee Sf Se ae ee are eee 04 

In preparing the stock for the hand sheets the pulp was beat 
only until it was free from clumps of fibers, no attempt being made t 
develop its maximum strength. The standard procedure, described 
hereinafter (111), was used 1n the sheet-making operations except ii 
the couching with the blotters. Couching by suction was tried but thd 
close texture of the blotting paper rendered it too impermeable to aim 
and prevented effective action of the suction on the web of pulpd 
The couching plate could not be used therefore, and the sheets had td 
be removed by hand. The sheet on the mold was covered with 
blotter and over it a 44-inch brass pipe was rolled. The sheet ang 
blotter were then lifted together from the plate, and laid sheet uj 
on another blotter placed on a metal plate. Two more blotters an 
another metal plate were laid on the sheet and the unit was ready fom 
pressing. i 

Pressures ranging from 30 to 240 |bs./in.’, increasing by 30-poung 
steps, were employed. In each case two sets of five sheets each 
one couched with blotters, the other with felts—were used, the presq 


sure being applied for three minutes. Other sheets were weighed 
after being pressed and then dried to constant weight to determing 
the amount of moisture in the pressed sheets. The results are recorded 
graphically in Figure 4. It will be noted that less water was left uj 
the sheets couched and pressed with blotters. In no case, howeverg 
was the amount present in excess of that in paper going to the dryes§ 


‘ The tests were made according to the official methods of the Technical Association of the Pulp & ! 
Ind 

§ Methods of measurements are described in U. 8. Government Master Specification No. 345a, Gene I 
Specification for Textile Materials (Methods of Physical and Chemical Tests). 
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waving the last press) of a commercial paper machine. The amount 
‘moisture removed from the hand sheets will, of course, depend 
otonly on the type of couching material used, but also on the number 
‘thicknesses employed and the duration of the pressing. 

since the differences in the comparative moisture content of the 
ieets pressed with blotters and felts were as great as 10 per cent, it 
«gsthought that they might affect the strength of the finished papers. 
sts made on the sheets indicate, however, that the final strength 


vas not affected by the amount of moisture in the sheet when ready 
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Fiacure 4.—Comparative moisture content of sheets pressed with blotter: 
and felts 











rdrying. The measurements (Table 1) show very good agreement 
ithe results obtained with the blotters and felts. 

As to the relative serviceability of the two couching materials, how- 
wer, felts were found to be preferable to blotters. Blotters become 
nsatisfactory after being used a few times in preparing hand sheets. 
‘though subsequent drying and pressing smooths the surface and 
mits their being employed again, they are not as satisfactory as 
then new, and the number of times they can be used is limited. 
‘elts, on the other hand, are easily kept in good condition, and when 
voperly cared for their period of service has practically no deter- 
inate limitation, 
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TaBLE 1.—Comparative strength of hand sheets pressed with blotters and fe); 


(Vols 


Physical tests on finished hand sheets 


Tensile strength eink 
(strip 15 by 100 Tearing 
mun) Strength 


Folding 


? 2 ig tweel 
Material between endurance 


which sheets were : 25 by : 
pressed , ee Burst- 


ing | 





Strength Long Short Long Short Long 
| sheets) direc- direc- direc- direc- direc- 
i tion 1 tion ! tion ! tion 1 tion! 








} Double | Double 
Lbs.fin.* Points folds folds kg 





ee 30 5.6 | 28.4 x 40 3.3 
Sp eee: 30 34. 27.0 § 55 a: 
Blotters SE 60 31.3 5 76 
| eS 60 | 53. § 31.0 5 70 3 





Blotters. ............] | 32. ! 5 55 
EE Eee 90 | 1. 5 32 j 58 
Blotters en 2 7. 33. f 92 
SRE 6. 33. 5 87 


Blotters 50 | 32.5 
44S aa 5 70. 32. 
LS, eee ‘ 3 32. § 
| ae } 9. 34, 


Blotters | } 8. 34, 
ae | y 69. ¢ 34. 
| 70. 8 35. ¢ 

65. 1 35. 

















st strip cut from the hand sheet in the direction indicated. 
4. SHEET PRESS 


A hydraulic press is used for pressing the fiber sheets before drying 
them. The press is operated by means of a hand pump. The two 
platen surfaces are 12 by 14 inches in size, and the vertical displace- 
ment of the lower surface is 8 inches. This distance gives ample 
space for pressing a number of hand sheets at one time. The ram 
has a sectional area of approximately 50 square inches, and sufficient 
force can be transmitted to it to maintain on the hand sheets any 
pressure up to 800 Ibs./in.? 


5. SHEET DRYER 


The dryer consists of a steam-heated cylinder and a carrying felt 
which covers most of the cylindrical surface. The diameter and the 
length of the cylinder are 12 and 14 inches, respectively. A thermon- 
eter placed between the carrying felt and the cylinder in preliminary 
experimental tests showed the temperature used to be approximately 
90° C. A pressure gauge attached to the dryer is of value in prevent- 
ing excessive temperature by showing when steam pressure develops 
within the cylinder. 


III. OPERATION OF APPARATUS 


Sheets are frequently made at the bureau in connection with the 
semicommercial work to note changes in the strength of the pulp 
during the progress of the beating operation. The tabular data given 
herein are on stock taken from the semicommercial beater. 
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A 2-quart dipper of stock is withdrawn from the beater as a sample, 
which is sufficient for several hand sheets, and to it 6 dippers of water 
are added. A measured volume of the diluted stock is made into a 
hand sheet, and from the weight of the dried sheet the volume of stock 
required for the desired ‘test sheets is determined. | The quantity of 
stock requisite for a test sheet of the specified weight is then taken 
and is diluted further to approximately 1 gallon in the 1%-gallon 
container used with the agitator. (Fig.1.) The concentration of the 
fnal mixture is approximately 0.15 per cent. 

The base, or mold support, of the sheet machine is filled with water, 
the mold and deckle box are set in place, and the assembled parts are 
clamped together. Water is run into the deckle box to a height of 4 
inches, making about 2 gallons above the screen. The propeller shaft 
of the agitator is lowered into the container of diluted stock and 
operated for one-half minute. The stock is then immediately poured 
into the assembled sheet-making apparatus, the container being con- 
tinuously moved back and forth, criss-crossing the mold, to insure 
uiform distribution. The dilution of the stock in the deckie box 
is about 0.05 per cent, which is ample for good felting of the fibers. 

The steam-ejector valve and the quick-opening gate valve, respec- 
tively, are opened immediately after the transfer of the stock, to 
prevent settling of the fibers. ‘The water and pulp are drawn down, 
and the sheet of fibers is formed on the wire. The length of time 
required for emptying the sheet machine depends on the rate at 
which water drains from the pulp—the ‘‘slowness” of the stock. 
When the machine contains only water the time is five seconds. 
Quick emptying is necessary to prevent unequal distribution of the 
fibers. It has been found desirable to continue the suction at least 
one minute after the water has been discharged from the base in order 
to facilitate the subsequent drying of the sheet. 

After the sheet is formed the deckle box is removed, a felt is laid 
over the sheet, and the couching frame is placed on it. The couching 
frame, felt, sheet of pulp, and mold are then removed as a unit, 
inverted, and replaced on the mold base. Suction is again applied, 
and the fiber sheet is thus transferred to the felt. 

The fiber sheet and the felt on which it rests are removed together 
from the mold and placed sheet up on a metal plate. Another felt 
and another plate are laid on the sheet of pulp. A number of sheets 
are prepared in this manner and stacked one above the other. The 
completed stack of fiber sheets, felts, and plates is placed in the 
hydraulic press and subjected to a pressure of 200 Ibs./in.? for three 
minutes. 

_ The pressure applied for compacting the sheet has considerable 
influence on the ultimate strength of the paper. To obtain compara- 
tive data in testing the strength of pulp it is imperative that a standard 
pressure be used. Previous tests by other investigators ® have shown 
that strength increases with increase in pressure, the rate of change 
being more rapid, however, at the lower pressures. Since 200 lbs./in.? 
gives reliable results for all pulps and is the pressure recommended as 





‘The Determination of the Effect of Pressure on the Strength of Test Sheets in the Strength Testing of 
Pulp, E. P. Cameron, Pulp & Paper Mag. of Canada, 21, No. 5, pp. 127-135; Feb. 1, 1923. The Effect of 
Pressure on the Strength of Test Sheets in the Strength Testing of Pulp, E. P. Cameron and J. M. Payne, 
Pulp & Paper Mag. of Canada, 22, No. 3, pp. 53-60; Jan. 17, 1924. 
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a tentative standard by the Technical Association of the Pulp anj 
Paper Industry it was the pressure adopted. The duration of th 
pressure has no appreciable effect on the strength of the sheet. Holi. 
ing the load constant for three minutes gives very satisfactory results 
and this period of time was adopted as standard. . 

The drying is accomplished by feeding the sheets between the cylip. 
der and the carrying felt of the dryer and turning the cylinder slowly 
by hand. If the paper-making stock is ‘‘free”’ the sheet is remove; 
after two revolutions of the cylinder, turned over, and replaced in the 
dryer, care being taken to avoid wrinkling the paper. If the stock js 
“‘slow,”’ however, the sheet is not turned over, because of its tendency 
to cockle and wrinkle. In either case the cylinder is turned until th 
paper is apparently dry. 
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* Test papers were from paper-machine produc! not hand sheel's 


Figure 5.—Comparison of strength properties of fiber sheets 


(Stock from beater run No. 1122) 


The dried sheets are trimmed to 8 by 10% inch size, and the various 
strength properties of the paper are determined. The measurements 
are made by the official methods of the Technical Association of the 
Pulp and Paper Industry,’ under the standard atmospheric conditions 
for paper testing, 65 per cent relative humidity and 70° F. temperature. 


IV. TEST DATA ON FINISHED HAND SHEETS 


Measurements on hand sheets made by the method described are 
given in Tables 2 and 3. The stock for the sheets of Table 2 was taken 
at the recorded intervals of beating in connection with a research 
problem in which it was desired to know the change in strength as the 
beating progressed. Data on paper made on the semicommercial 
Fourdrinier paper machine from the same stock at the completion 0! 








’ Paper Testing Methods, published by the Technical Association of the Pulp & Paper Ind., 18 East 
Forty-first Street, New York, N. Y. 





Preparation of Fiber Test Sheets 113 


the beating are included for comparison. Two different beaters of 
tock, Nos. 1122 and 1128, were used and two different weights of 
hand sheets were made. As the measurements show, the fibers were 
yniformly distributed, and sheets of practically constant weight were 
produced regardless of the condition of the pulp being tested. The 
estilts of some of the tests on the lighter-weight papers are also shown 
yraphically in Figure 5. The data for the heavier papers would give 
vurves sunilar in slope but placed higher on the vertical scale. 


TaBLE 2.—Measurements for sheets made from different samples of stock ! 
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Hand sheets were made by Martin J. O’Leary, assistant paper maker. 

'Reckoned from beginning of furnishing. Time required for furnishing was 15 minutes. 

Samples were taken from the sheets in the direction indicated. The values in the long and srort direc- 
tions, oie should be equal in the ideal case, are given separately merely to indicate the uniform formation 
{the sheets, 

‘Head box: Sample taken from head box, after being jordanned and screened, during paper-machine run. 
‘Test papers were from paper-machine product, not hand sheets. 


As there is no definite relation between the data obtained on light- 
weight and heavyweight papers made from the same stock, it is 
lecessary to standardize the weight of the test sheets when adopting 
i standard method. A number of investigators have recommended 
that hand sheets of relatively heavy weight be made for test purposes. 
‘ince the quality of the heavier sheets bears little relation to the 
‘trength values of the usual machine-made paper, it is desired in the 
work at the bureau that the weight of the hand sheets correspond 
‘0 that of the paper-machine product, and, therefore, the lighter- 
weight sheets are regularly made, 
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Table 3 reports the values obtained on the individual sheets maj 
from a given sample of stock and test samples taken from the machin, 
product made from the same stock after being run through tl, 
Jordan. The measurements for the different hand sheets are in good 
agreement, the variations being hardly greater than the usual exper. 
mental errors of the measuring instruments, and no larger than fo; 
the different test samples of the machine-made paper. The resis 
—_ hg the method permits duplication of sheets as many times 4; 

esired. 


TABLE 3.— Measurements for different sheets made from one sample of stock 





Tensile strength | Elongation Tearing strength 
(strip 15 by 100 mm))(strip 15 by 100 mm) (4 ply 
Bursting 


Test paper | 


Long Short Long Short Long Short 
| direction | direction | direction | direction | direction | direction 


| strength 
| 
| 








tom 


| Horna moons 


Points 

Hand sheet ! — oe 53 
| Os ——— ; ; 49 
RS is , i 54 
| ars 56 

54 

56 

57 


mm 
A 


=) 


NOrwOSts 
CnanrKorn 


ow 
= 


55 
51 
52 


| SOD ore a1 


| 


anion 
_ se-npxpepals| PS SD ON DS SD 


en 


\ B | rowan 


Sb | 


bo. ..... 
De. .... 


mm AOOCNOWO 


PNHHHHHNHLS 











. 85 2. 46 














1 From stock of beater No. 1123; beating interval 7 hours. Stock for machine-made paper was jordan 
and screened. 


V. SUMMARY 


A laboratory method for making small sheets of fibers in studying 
the paper-making quality of pulp has been developed, and a suctiol 
sheet machine has been designed. ‘The method relates to the forming 
of the sheet of fibers on the screen and the subsequent operations 0 
couching, pressing, and drying. The finished sheet is adequate to 
supply specimens for each kind of test ordinarily made to evaluate 
the quality of paper. 

With the equipment and procedure described, sheets uniform ! 
quality—formation, weight, etc——can be made by an operator 0! 
average skill. Measurements of the physical properties show that 
the different sheets made from a given sample of stock are in g00 
agreement and that the sheets can be duplicated as desired. The 
personal equation is reduced to a minimum, and truly comparable 
results can be obtained by different operators. The data warrall 
the view that the method is practical and is useful for pulp quality 
measurements. 


WasHINGTON, March 3, 1930. 





THE GEIGER TUBE ELECTRON COUNTER 
By L. F. Curtiss 


ABSTRACT 


Experiments are described which show that the sensitive surface of the Geiger 
be counter is not on the wire electrode, but on the inner surface of the tube. 
his result explains the previously observed result that the operation of the 
unter is only slightly affected by the condition of the surface of the wire elec- 
ode. An explanation of the operation of the counter is offered which takes 
count of this additional information. 


CONTENTS 


I. Introduction ~~ 
Il. Recent experiments on the location of the sensitive surface 


il, Discussion of operation of counter 
I. INTRODUCTION 


| Recently the writer has reported ' the results of experiments which 
ere undertaken to discover the effect on the operation of the Geiger 
ube counter of subjecting the central wire electrode to different 
reatments. It was apparent from these experiments that neither 
ie kind of wire nor the condition of its surface made much difference 
the behavior of the counter. The writer has extended these 
speriments and has obtained information which indicates that the 
ensitive surface is on the inner wall of the tube which serves as the 
hegative electrode. This paper describes the results which have 
een obtained and gives a qualitative discussion of the problems 
volved in attempting a complete explanation of the operation of the 
ounter consistent with current ideas regarding the nature of gas 
lischarges in general. In any attempt of this kind one is confronted 
vith the problem of the conflicting theories of the conduction of 
lectricity in gases which makes the development of a quantitative 
heory, which may be tested numerically, exceedingly difficult. 
ven in a discussion such as is offered here it is necessary to make 
lore or less arbitrary assumptions regarding the elementary processes 
hich are responsible for the formation of an electrical discharge 
hrough a gas. As an example of the kind of difficulty referred to, 
ne may consider the fundamental problem of the réle of the positive 
2 in the production of ions. There is to date no definite answer 
0the question whether it does or does not form new ions by impact 
inder conditions which usually obtain in a discharge tube. In spite 
inumerous uncertainties of this kind it is possible to develop qualita- 
ively an explanation which accounts for the main facts so far known 
tbout tube counters by making use only of assumptions with fairly 
‘tong experimental evidence supporting them. 
The problem of the action of the counter involves considerations 
juite apart from those of a simple electrical circuit containing capacity 
ind resistance. As can be seen from the diagram shown in Figure 1 





‘B.S. Jour. Research, 4 (RP167), p. 601; May, 1930. 
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of a typical arrangement of a tube counter, it is in reality a cylin; 

cal condenser in series with a resistance of the order of several me 
ny Any electrical discharge occurring in the counter will be ¢, 
trolled to a great extent by the values of the capacity and the res. 
ance of this circuit, and certain features of the action of the couyy 
depend on a proper adjustment of these values. These may } 
regarded as subsidiary to the successful operation of a counts 
however, since not every circuit of this kind can be made to funetiy 
as a counter. 

A brief description of the operating characteristics of a counter w 
suffice to make clear the difference between it and a simple dischay 
tube. The most prominent feature in this connection is the existens 
of a range of voltage which, when applied to the counter, making th 
tube negative, does not cause an appreciable current to flow, not moy 
than 10-° amperes in most cases. With the voltage so adjusted 
however, if the counter is working properly the entrance of a high 
speed electron causes this current to jump up momentarily to aboy 
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C— Metal Tube 

W- Central Wire Electrode 
R- Resistance 

B~- Battery 
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Figure 1.—E£lectrical circuit of tube counter 


10-7 amperes for a small fraction of a second. The counter ther 
immediately returns to its former condition. The duration of ths 
discharge is dependent partly on the values of the resistance an 
the capacity of the circuit. In a good counter, however, the mai 
cause for the sudden interruption ‘of the disc harge must be sought 
elsewhere, since the cessation is much more abrupt for any particular 
arrangement than could be expected from the nature of the electrics 
constants of the circuit alone. Furthermore, a counter once put int? 
a sensitive condition will operate with widely different values of the 
resistance whereas a counter not sensitive for any one value of the 
resistance can not, in general, be made to work with any other resist 
ance. It is the problem of what might be called the sensitizing of the 
counter which is primarily considered here. A further examination 
of methods of preparation which appear to produce counters sensitiv? 
to single electrons, as well as methods of preparation which fail 
produc e sensitive counters, has been made and an explanation of the 
results has been attempted along lines consistent with the preset! 
ideas concerning ordinary electric discharges in gases at the pressures 
used in the counter. 
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_ RECENT EXPERIMENTS ON THE LOCATION OF THE 
SENSITIVE SURFACE 


It is important for the development of the explanation to be offered 
re to consider some facts concerning the behavior of tube counters 
hich seem so far to have escaped observation. It has been assumed 
y Geiger ? that the surface of the wire is the sensitive surface since 
r seems to require special treatment for successful operation of 
»e counter. Kniepkamp® and also the writer* have been able to 
perate counters quite successfully using wires with no special treat- 
nent whatever. In fact, the writer has been unable to find any kind 
{ wire or surface 
hich will not work ; F-High Voltage 
cessfully for the ! 
entral electrode. 
xsperiments in this 
aboratory® have 
hown, however, that 
jese counters are 
usceptible to ad- 
ptive poisoning 
nd this result has 
been interpreted by 
he writer to mean 
hat the ordinary 
dsorption occurring 
bn all surfaces ex- 
osed to gas is suffi- 
int to provide a 
ensitivesurface. A 
eview of these 
xperiments on the 
liect of poisons 
eveals, however, 
hat the same effects 
vould be observed 

the sensitive sur- 
ace were not on the 
‘ire, but on the inner 
vall of the tube. 
Although this 
eemed improbable 
pt first, the writer 1S Figure 2.—A pparatus for testing sensitive condition of 
now convinced that tube counters 

uchis the case, and 

his explains why any kind of wire or surface will serve as a central elec- 
rode. Attention was accidentally drawn to the possible importance of 
he inner surface of the tube when a brass tube counter, which had re- 
cently been “polished”? with emery paper to remove radioactive 
‘contamination, failed to respond to the presence of a gamma ray 
source in the neighborhood. In consequence of this observation a 
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;clger, H., and Miiller, W., Phys. Z. S., 29, p. 889; 1928; 36, p. 489; 1929. 
; Kniepkamp, H., Phys. Z. S., 30, p.237; 1929. 

See footnote 1, p. 115. 

"See footnote 1, p. 115. 
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considerable number of trials have been made of various kind; , 
surfaces. Asa result it has been found that the nature of the surfy 
on the inner wall of the chamber is important. Although the prepa, 
tion of this surface is not as critical as the preparation of a point {y; 
point counter, it seems to play a very similar réle in the operation 4 
the counter. 

For investigating the effect of various surfaces, the appari 
described in the work® referred to above was used since it makes; 
relatively easy to change the counters and evacuate them. |; 
shown in Figure 2. The experiments, which were mainly qualitatiy 
in nature, consisted in evacuating the counter to a suitable pressuy 
of dry air, say 3 cm, and then adjusting the voltage between | (ij 
and 2,000 volts, and noting whether at any voltage it would respon 
to the presence of a gamma ray source when brought up to within; 
few feet of it. A summary of these trials has been arranged in Table| 


TABLE 1 





Source | Soure 
present | remo 





Copper Polished with emery paper 

Brass Untreated 

Copper_..----| Heated in flame 

Brass.........}| Lacquered inside | 
Do_....--| Lacquered as above; then coated with a layer of soot from a flame- --_-| 


| Treatment 


Eee ES RRL Se Os Be SR ea oS eae eee a 
Do___-...| Oxidized as above and coated with a thin layer of vaseline_-_-___--- 
Copper. __-- Coated with sodium silicate...............-...---.-- _ 
Do Coated as above then with soot 


ae Oxidized in flame, left in moist air over night- 
PD. .<c Freshly oxidized 
: ae Coated with soot 

Copper----- 





1 No kicks could be obtained. 2 No kicks, 


In the first column is the kind of metal; the second gives th 
method of preparation and the third gives the number of kicks whe 
a radium preparation was brought within a definite distance of the 
counter and when removed to a considerable distance behind a wal 
It is at once obvious that the inner wall does not seem to require 
very careful preparation. However, it is equally obvious that thé 
nature of the surface does have an effect on the operation of the 
counter. Most significant in this connection are the experimett 
with counters lacquered inside and those coated with sodium silicate 
It might be argued that the insulating properties of the lacquet 
prevented the counter from responding and that the soot was sul 
ciently conducting to permit it to operate. Sodium silicate, how 
ever, is a fairly good conductor so the only way that the soot played 
a part in this case was to alter the nature of the surface. Thé 
behavior of so-called bare metal surfaces is also peculiar, althoug 
very little can be said on this point without more experiments) 
Apparently a metal surface prepared in approximately the same WJ 
does not always yield a sensitive surface. This is not surprisig 
when one considers the rapidity with which oxide films form on the 
surfaces of freshly cut metals. 





6 See footnote 1, p. 115, 
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inds MB When dealing with such a large surface, it is very difficult to make 
SUG tain that all parts have received the same treatment and are in 
Tepani/. same condition from the standpoint of adsorption. Conse- 
Dt for ontly, it is not surprising that at times effects are not always 
ton initely reproducible. For our present purpose, it is sufficient to 


now that some surfaces are not satisfactory for the inside of the 
be in these counters and that we are, therefore, justified in assum- 
«that the sensitive surface is in this case not on the wire, but on 
_ tie inner wall of the tube. 

litatiii The results mentioned above become more significant when it is 
TeSSiM—/called that clean metal surfaces emit electrons with great difficulty 


paraty 
akes j 















1 1(nder bombardment by electrons or positive ions. Coating such 
CSpondiMectals with alkali earth oxides increases the facility with which they | 
ithin Mit electrons under bombardment.’ This and other similar effects | 


‘able! gests that a secondary process is involved in the operation of the 


punter. This process may be supposed to be the liberation of 
ectrons from the outer wall of the counter, the ionization produced 
‘these electrons, as they are drawn to the central electrode, con- 
ituting the major part of the ionization current which is necessary 
order that the counter may respond. The following discussion 
sumes the existence of such a secondary process. 
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III. DISCUSSION OF OPERATION OF COUNTER 


The operation of the counter can now be explained on the basis 
the following assumptions, both of which have some experimental 
port: (1) Ionization by impact is produced only as a result of 
llisions of electrons with gas molecules. (2) Positive ions con- 
ibute to the production of ions by releasing electrons from the 
face of the negative electrode. 

Since these assumptions may appear entirely arbitrary, it may be 
el to point out what justification exists for them. As regards 
nization by impact, it is generally agreed that most of the 
mization produced in a gas when a current flows results from the i 
lision of electrons with molecules. For currents produced at I 
oltages below the sparking potential, the entire current can be 
counted for in this way.* When the sparking potential is ap- 
roached, however, there is a well-known more rapid increase in the 
rent that can not be accounted for as the result of collisions of 
ectrons with gas molecules. As Townsend points out in the paper 
st referred to, this additional ionization may be accounted for in 
veral ways. It may be attributed to the impact of positive ions 
th gas molecules; it may result from the release of additional i 
ectrons from the negative electrode by the positive ions; or it may ; 
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sull sult from the photoelectric action of radiation falling on the nega- 
how ve] a We ae i 

level” ectrode and thus mA g additional electrons. Each one of 
“Th ese views has been supported by some experimental evidence by 






tous investigators. ‘Townsend favors the view that the additional 
ization is produced by impact of positive ions on gas molecules. 
here is at present, however, little or no direct evidence to confirm 
is view so that one may feel justified in excluding it. There are, 
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"H. D. Arnold, Phys. Rev., 16, p. 70; 1920. 
't0Wnsend, J. S., Phil, Mag., 45, p. 444; 1923, 


120 Bureau of Standards Journal of Research Iva 
however, numerous recent experiments * '° which give strong gy 
port to the idea that positive ions only produce additional ionizatig 
by releasing electrons from the negative electrode. The partici 
way in which this release of electrons occurs has been strong 
debated by various authorities. 

The writer favors the view that this release occurs as a result, 
electrostatic attraction between the negative and positive ions. ly 
difficulty with the other obvious mode of release—bombardinay} 
of the cathode by positive ions—is illustrated by the example cits 
by Townsend to show that such an effect is impossible. 
refers to the experimental fact that, in the case of a radial field gj 
force between a wire and a coaxial cylinder, there is a critical valy 
X;, of the electrical field at the surface of the wire with which a smj 
continuous glow discharge is maintained between the wire and cyl 
der. Let a be the radius of the wire, 6 that of the cylinder. It hy 
been found experimentally that X, is independent of 6, provided }; 
greater than a certain radius c. The value of c, of course, depend 
on a and the pressure of the gas. As Townsend remarks, in order 
account for the fact that X, is independent of 6, it is necessary 
assume that, in the case of a positive current flowing from the wq 
to the cylinder, which is the case exemplified by the counter, eithe 
no electrons are set free from the surface of the cylinder or that tly 
same number are liberated from a cylinder of large diameter as fro 
one of small diameter. The electric field at the surface of the cy 


‘ aa : ‘ ' : 
inder is a ', neglecting a distortion of the field due to accumulate 


charges on the surface; and, by increasing 5, the intensity of th 
electric field near the surface of the cylinder may be reduced so thf 
the positive ions would move with such small velocities that the 
could neither generate ions nor excite radiation on impact with th 
wall. There seems to be no escape from this argument. Conse 
quently, the obvious solution to the problem thus presented is thal 
the positive ions do not liberate electrons from the walls by impact 
but by virtue of their electrostatic attraction for electrons on th 
walls. This idea is supported by Holst and Oosterhuis." It is the 
very easy to see how the same number of electrons may be liberate 
from a cylinder of large diameter as from one of small diameter 
since the number of electrons released is not directly connected wit 
the velocity of the positive ion at the moment of impact. The oil 
requirement is that the velocity of the positive ion should be grea 
enough to prevent recombination and immediate neutralization of th 
electron as soon as liberated. This requirement is easily met, sincé 
Mohler and Boeckner ” have been able to show that even the velocttj 
of thermal agitation is sufficient to prevent recombination. 

Since the experiments described in this paper show that the natur 
of the surface of the tube is the important factor in the operation 0 
the counter, it is fairly certain that the gas layer on the tube wal 
and not that on the wire forms the sensitive surface which is di 
turbed by gas poisons. This renders the explanation given by th 
writer in a previous article no longer in accordance with the facts 





® Klemperer, O., Z. S. f. Physik, 52, p. 650; 1928. 
10 Miiller, W., Z. 8S. f. Physik, 48, p. 624; 1928. 
11 Holst, H., and Oosterhuis, E., Phil. Mag., 46, p. 1117; 1923. 

12 Mohler, F. L., and Boeckner, C., B. 8. Jour. Research, 3, p. 303; 1929, 
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nce it was there assumed that the sensitive surface was located on 
» wire. With this new fact available and using assumptions (1) 
d (2) it is now possible to give an explanation which more nearly 
oes with that offered for the point counter. It will be noted that 
both cases the sensitive surface may now be assumed to be on the 
wative electrode. The chief difference between the two counters as 
yards principle of operation is that it is usually more satisfactory 
use the point counter with the point negative while the tube 
unter only seems to work well with the tube negative. Thus in 
e case of a point we have a cathode of very small area in a very 
ense electric field while in the case of the tube the cathode has a 
ry large area and is in a relatively weak field. This important 
ictural difference is responsible, in the writer’s opinion, for most 
the differences in behavior between the two types of counters. 
The stages of the process by which a count is registered may be 
itlined as follows: The electron to be counted produces a few pairs 
ions as it passes through the gas of the chamber. This primary 
nization is entirely too small to register on any of the usual instru- 
ents used for detecting the electrical impulse produced by counting. 
e positive ions move to the tube wall and the negative ions, pre- 
mably mainly electrons, go to the wire. As they pass to the wire 
ey pass through the region of intense electric field and produce ions 
impact, but even this ionization will be relatively feeble, repre- 
nting currents which are only a small fraction of those observed 
hen a count is registered. ‘The amplification to be accounted for is 
the order of 108. ‘To account for the total ionization an additional 
bpply of electrons is required. These come, according to the views 
t forth here, from the negatively charged tube; being released from 
he gas layer on the surface of the tube by the electrostatic attrac- 
on of the positive ions as they approach the walls of the tube. It 
important to note, as shown above, that not all surfaces of the 
be are sensitive, and this can be expected since it is reasonable to 
ippose that only certain types of surface will provide a laver of gas 
ich that electrons may be released from it by positive ions. In 
ich a case the additional ionization current required to register a 
bunt can not be obtained and the counter fails to function. It is 
0 likely that a variety of surfaces would work here, since the 
ectric fields are relatively weak and the time during which electrons 
e within a strong attractive field from the positive ion is relatively 
uch longer than in the case of a point counter with positive points. 
his may be the explanation for the fact that a negative point must 
ave a very careful preparation, whereas many kinds of surface will 
ork in the case of the negative tube. 
Such a discharge process as that outlined in the preceding para- 
aph should be self-sustaining. The counter, however, when it is 
hoperly registering counts, maintains a discharge for a very short 
nod of time for each high-speed photoelectron which enters it, a 
eriod estimated as of the order 1/1000 second.’ ‘To interrupt the 
ischarge in this way it is necessary to suppose that for some reason 
le positive ions very suddenly lose their ability to pull electrons from 
le cathode surface. Since our experiments point to a special con- 
ton of the surface required for operation, it is logical to conclude 
lat the operation of the counter in registering a count so alters this 


“Bothe, W., ZS. f. Phys., 59, p. 1; 1929. 
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special surface that, after the discharge has proceeded for this yg 
brief space of time, it is no longer in the sensitive condition at thy 
particular location on the chamber wall. The layer of adsory 
gas is so modified or disturbed that no electrons are released, 
soon as the discharge stops, however, the cathode restores itself to) 
former condition by adsorption and is then in condition agaip ; 
respond. This disturbed area of the surface probably is a small py 
of the total area of the tube, but owing to the relatively great suri 
of the tube wall affected, as compared with that of a point, ij 
restoration does not need to occur quickly to register counts in rag 
succession. This provides another reason why one would not expy 
the condition of the surface of the tube to be as critical as that of tj 
point. 

This explanation requires that a sensitive surface should have t) 
property of releasing electrons on the approach of positive ions m 
readily than an insensitive surface. It might be expected that 
sensitive counter would function at a voltage lower than the sparkiy 
potential for an insensitive counter. This seems to be true in genen 
but, if our assumption that the release of electrons by positive ions) 
independent of the mean kinetic energy of the positive ion, the appliq 
voltage would not be affected. Furthermore, any small chang: { 
the applied voltage will not greatly affect the mean kinetic energy | 
the positive ions near the surface of the tube, since this is a region 
weak electric fields. The mean kinetic energy of the positive ion 
given by the product of the field strength and the mean free path’ 
Since the mean free path is inversely proportional to the pressure, ti 
mean kinetic energy may be expressed in terms of volts per centimet 
divided by the pressure in centimeters of mercury. For the usual tu! 


em of He 
for the positive ions near the walls is from 0.1 to 0.01. Klemperer’ 
has analyzed data on gas discharges and shows that, in the range: 
mean kinetic energies from 0.5 to 10 in the above units, the ratio ¢ 
liberated electrons to incident positive ions increases by a factor d 
nearly ahundred. Since the mean kinetic energies used in his analy 
are considerably higher than those existing in a counter it may 
that at such higher energies impact is effective in releasing electro 
from the gas layer. | 

On the other hand, extrapolating his figures to the values of kineti 
energy of positive ions in the counter, the ratio of liberated electro 
to incident positive ions becomes a very small fraction, of the order( 
1/100,000. This seems to show that in the counter impact can } 
longer be effective in releasing electrons from the walls. Nothi 
definitely is known concerning the surfaces of the ionization vest 
in which the measurements which he has analyzed were made, and! 
might be that these figures refer to a wall surface similar to that 0! 
insensitive counter. If we are to accept Townsend’s argumel 
supporting the view that the number of electrons liberated from ‘i 
negative outer electrode by positive ions is independent of the dial! 
eter of the outer electrode, it is clear that the effect that Klemper 
deduces does not exist, since the experiment which Townsend «i? 
would seem to prove conclusively that if positive ions do liberal 


counter the mean kinetic energy expressed as (Kkv/em x 





1 Klemperer, O., ZS. f. Physik., 52, p. 650; 1928. 
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ectrons the number liberated is independent of the velocity of the 
ositive ion. 

In addition to giving more information regarding possible explana- 
sons for the action of the tube counter, the experiments here dis- 
ussed appear to throw additional light on the nature of certain kinds 

gas discharges themselves. Considerable support seems to be 

ered the idea that the release of electrons from the cathode may 

ecur by electrostatic attraction, since by such an assumption a 
atisfactory explanation is readily obtained for the operation of the 
ounter. There are strong reasons, as has been pointed out, for mak- 
¢ the release of electrons from the cathode the important feature in 
he operation of the counter. It does not appear obvious how this 
may be accomplished by impact of positive ions under the conditions 
iscussed. The release by electrostatic attraction, on the other hand, 

provides a method which avoids all difficulties associated with the 
inetic energy of the positive ion in relation to its efficiency in releas- 

ng electrons. In conclusion the writer wishes to thank L. L. Stock- 
man and H. L. Martin for helping in preparing and testing various 
inds of counters, and Dr. J. H. Hibben for valuable suggestions. 


WASHINGTON, January 25, 1930. 
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LOW CHARACTERISTICS OF SPECIAL Fe—-Ni-Cr ALLOYS 
AND SOME STEELS AT ELEVATED TEMPERATURES 


By H. J. French, William Kahlbaum,' and A. A. Peterson 


ABSTRACT 


' The results of ‘‘creep”’ tests at different temperatures are given for three groups 
pf alloys. The 11 metals in the first group included commercial alloys of nickel, 
hromium, and iron, both with and without tungsten, and low chromium steels 
ontaining also tungsten, vanadium, or molybdenum. The second group com- 
prised two carbon steels, a 34% per cent nickel steel and two low nickel chronmium 
teels which were tested only at 700° F.; the 12 alloys of the third group 
vere melted in a high-frequency induction furnace, and their compositions were 
elected to show the general trends at 1,000° F. in the load-carrying ability of 
astings of the nickel-chromium-iron system. A metallographic study of the 
reep-test specimens revealed intercry stalline weakness in some of the w rought 
pickel-chromium-iron alloys especially at temperatures between 1,160° and 
1,390° F. A study was also made of the effect of deformation in the creep tests 
t different temperatures on the hardness and impact resistance of a chromium 
yanadium steel at atmospheric temperatures. 


CONTENTS 


. Introduction 
Test Me@UNOGs. 6 abc te ek Pp en ath Sot ere ee ee oe 
HL Materials tested 
IV. Results and discussion 
Le Gene ral relations between stress, temperature, “deformation, 


2. Feenstra nickel-chromium-iron alloys 
3. Carbon and low alloy steels 
4. Effect of prolonged stress at different temperatures on hard- 
ness and impact resistance at atmospheric temperatures_-_ - 
5. Trends at 1,000° F. in the system Ni-Cr—Fe 
VY. Summary 


VI. Ack 
I. INTRODUCTION 


Considerable attention is now being given in both this country and 
Lurope to “creep” tests (or flow tests) in which the time-deformation 
‘lationship is determined for metals subjected to constant loads for 
ong periods at approximately constant temperatures. Previous 
bots at the Bureau of Standards have related jointly to the develop- 

ent of a testing technique and to the procurement of data intended 
0 0 assist engineers in the selection of safe working stresses for equip- 
nent designed to operate at elevated temperatures. Correlations 

ave also been made between the laborious flow tests and short-time 
fension tests with the object of finding, if possible, rapid methods of 
etermining approximately the load-carrying ability of metals at 
lifferent temperatures, 


esearch associate, The Midy he Co,, Philadelphia, Pa, 
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So far, data have been published for only five steels, and the py. 
pose of this report is to present the results of additional tests exten. 
ing over several years so that comparisons can be made of a wide 
range of metals, based on data secured under comparable conditioy; 
in one laboratory. The work simply represents the extension to mor 
materials of the methods of test already described in detail.? * 4 

Tests were made of three groups of metals; the first, comprisin 
commercial nickel-chromium and nickel-chromium-iron alloys an 
low-chromium steels containing tungsten, vanadium, or molybdenuy 
were tested, with one exception, under the research associate plan' 
with a research associate from The Midvale Co., Philadelphia, P,, 
The second group consisting of two carbon steels, a 3% per cent 
nickel steel and two low nickel-chromium steels were tested at 700° F 
to assist the Bethlehem Steel Co., Bethlehem, Pa., and the Combis 
tion Engineering Corporation, New York, N. Y., in the selection o/ 
a composition suited for particular requirements of power-plant con. 
struction. The metals of the third group were used in a study of th: 
flow characteristics at 1,000° F. of alloys of the nickel-chromium-iry: 
system. 


II. TEST METHODS 


The test methods employed were substantially the same as thos 
used previously, but subsequently to the last published description 
a number of modifications were incorporated in the equipment and 
test procedure. Four of the ten horizontal loading machines wer 
replaced by vertical units (fig. 1) in which the frictional losses of the 
mechanical lever system were materially reduced. The new unis 
were, therefore, better adapted than the old horizontal units for tests 
at the highest temperatures where the applied loads were the smallest 

The temperature fluctuations within the test specimens wer 
reduced by placing the control thermocouples at the furnace winding: 
instead of in the test specimens. Resistors of improved form (fig. 2) 
were installed in the furnaces of the vertical test units to reduce the 
temperature gradients from top to bottom in the test specimens. | 
order to secure greater accuracy in the length measurements with the 
metals which oxidized most readily, the practice was followed 
using platinum or silver wire (32 B. & S. gage) in small grooves 1s 
reference points for length measurements with an optical micrometer 
instead of the edge of the enlarged end section of the specimen. 

Only a limited quantity of some of the metals was available. The 
desire to secure the maximum information under such conditions led 
to the adoption of a specimen having two different diameters withil 
the customary 2-inch gage length as is shown in Figure 3. A given 
applied load produced different unit stresses in the two halves of the 
gage length of such a specimen, and this was equiva'ent to two of tht 
customary specimens. However, the use of the modified test spec 
men is not advocated under ordinary conditions. It is disadvat- 


2H. J. French and W. A. Tucker, Flow in a Low-Carbon Steel at Various Temperatures, B. S. Te 
Papers No. 296; 1925. 

}H. J. French, Methods of Test in Relation to Flow in Steels at Various Temperatures, Proc. Am. ° 
Test. Matls., 26, p. 7; 1926. _ 

‘H. J. French, H. C. Cross, and A. A. Peterson, Creep in Five Steels at Different Temperatures, >. ° 
Tech. Papers, No. 362; 1928. 

§ Described in Circular No. 296 of the Bureau of Standards 
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Figure 1.—T'wo of the vertical test units for flow tests at different temperatures 


eal and six horizontal test units constituted the testing equipment for the flow tests. 
ical micrometer used in making length measurements is shown on the stana at the right. 
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FIGURE 2.—I mproved resistors of the heating units 


a, The main resistor on the forming fixture: b, auxiliary resistor placed outside and at t! 
end of the main resistor. 
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reous to reduce the measured length from 2 inches to 1 inch and 
abrupt change in section at the center of the 2-inch gage length 
»y introduce stress concentrations and also tend to increase the 
nperature variations in the test sections. As a result, the flow 
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Fiaure 3.—Modified flow test specimen used in some 
of the tests 


The flow under two different stresses can be followed on the one test 
specimen. See text for discussion. 


roduced by a given stress in the large half was not always as close as 
wild reasonably have been expected to that produced by the same 
ress in the small half of the gage length. In cases of doubt many 
{the tests were repeated on test bars having a gage length of uniform 
lameter. 


115233 °—80——9 





Bureau of Standards Journal of Research 


TABLE 1.—Chemical composi 
Group I—TESTED AT DIFFERENT TEMPERATURES 


Chemical composition 
Designation 
Ww 


Per Per Per Per Per | Per |; 
cent! | cent! | cent ! cent ! cent 1 | cent! | om 
2.79 7 3 


A 








eo he he Me he hood co! 





10-518, lot A_--| 
10-418, lot B___ 
| 


MOD. cncnsnons | 


























Group II.—TE 





.48 | 0.015 | 0.024 
2H384_- 45] 255 | 016 | .027 
| .018 | .028 | 
11391 Pa .63| .014| .022 1.25| 0,62 


11396 La ' .017| .o17| . 1.66 | 0.99 




















Group III.—TESTED 
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Group IV.—STEELS PREVIOUSLY TESTED (INCLUDED FOR CONVENIENCE OF GE! 
ERAL COMPARISONS) 





.24 | 0.37 | 0.021 | 0.028 | 0.01 | 
. 39 . 51 .015 | 


77 : . 031 
. 026 


. 24 . 5 . 009 








1 As reported by the maker for Groups I and II; by the Bureau of Standards, H. A. Bright, for Groups 
III and IV. ” 

? Specimens cut at 90° to the direction of rolling, half way between center and surface of blooms at som? 
distance from the ends, 
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other details of the metals 
Group I—TESTED AT DIFFERENT TEMPERATURES 





Properties at room temperature 





Specimens taken Treatment before test Ten- | Elon- | Reduc- 
sile 
oom 


from— gation 
in 2 


inches 


tion of 
area 





Per Per 
cent cent 
Polled 34-inch bars--| 1,900° F., 3 hours air cooled 39. 3. 37.5 50.3 
Riser from casting.--; Annealed 1,470° F . ‘ 10. 0 1.5 
Rolled bars-- - / . . . 36. 9 
do. A x ; \ 51. 
MI ore cera 38. ; 33. 54. 
47. 


do 





xperimental 
forged. 


pRolled bars. .-------- Lot B, 1,850° F., water 
i 1,575° PF, 1 hour slow cool; 1,375° 
1 hour furnace. 


1,575° F., 1 hour air; 1,300° F., 1 hour 86.0 
furnace. 

1,400° F., 2 hour slow cool; 1,740° F., 207.0 | 
1 hour oil; 1,000° F., 1 hour air cool. | 

1,550° F., 1 hour oil; 1,200° F., 4 hours | 124.0; 143.0 
slow cool. 

1,550° F., 1 hour oil; 1,100° F., 4 hours 
slow cool. 

















Group II—TESTED AT 700° F. (370° C.) 





y 6 inch rolled | 1,650° F., 4 hours furnace; 1,600° F., 4 . 60.0 
blooms. hours air; 1,330° F., 4 hours furnace. } 
5 by 5 inch rolled | 1,650° F., 4 hours furnace; 1,500° F., 4 ; 80. 0 
blooms, 2 hours air; 1,330° F., 4 hours furnace. 
6 by 5 inch rolled | 1,650° F., 4 hours furnace; 1,500° F., 4 : 97.0 | 
blooms. 2 hours air; 1,360° F., 4 hours furnace. 
i by 6 inch rolled | 1,650° F., 4 hours furnace; 1,500° F., 4 ‘ 94.0 
blooms. 2 hours air; 1,280° F., 4 hours furnace. 
by 4 inch rolled | 1,650° F., 4 hours furnace; 1,500° F., 4 52. 93. 0 | 
blooms. ? hours air; 1,320° F., 4 hours furnace. 




















Group III.—TESTED AT 1,000° F. (540° C.) 
| 


1,650° F., 4 EO SE LOE TSAR I A Pee es ae 150 
fg A eas eee me eras 114 
1,650° F., 44 hour air cool........------|-------- 131 
1,450° F s ‘hour furnace cool__--------|-------- =a . ree 147 
1,650° re , 2 hours furnace cool..-.----- seewnnnn|ncennnn-|-coonnn-|---0--= 298-319 


14 inch octagonal ||....do a 219-222 
ingots weighing 1,800° F., 2 hours air cool__----- “ NEE ater Diop 217 
| about 3 pounds, 1,900° F., 3 hours air cool_- FP | AE OEE ae se 363-388 
183 

285 

ee | ct Tra Sed FP 138 
 @ SU UT Uk mle eee Se en, See 113 
(1,900° F., 3 hours air cool........-.....|.--.---- ised 144 











Group IV.-STEELS PREVIOUSLY TESTED (INCLUDED FOR CONVENIENCE 
ERAL COMPARISONS) 





-inch hot-rolled plate, } 3. 66. 7 30. 0 59. 

1Yineh diameter | 1,625° F., 2 hours air; 1,550° F., i 98.5} 22.0 70. 

rolled bars. | oil; 1,300° F., 2 hours oil. | | 
Linch diameter rolled) Tested ‘‘as received,’ probably an- 95.7 | 110.1 | 917.0} %36. 

1 bars. | nealed. | 

4-inch diameter | 1,830° F., water; 1,200° F., air 89.8 | 221.5 

rolled bars. | 

inch diameter | 1,450° F., 2 hours furnace cool | 49.0] 110.0] 33.0 

rolled bars. | | | 








* Determined on tensile-test specimens with a diameter of about 0.25 inch and a gage length of 2 inches. 
: Determined on tensile-test specimens with a section 5% by 0.1565 inch. 
‘Containing impurities, such as small amounts of phosphorus and sulphur. 
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III. MATERIALS TESTED 


The composition and other details of the metals tested are sup, 
marized in Table 1. The 11 metals of the first group may be divide 
into three classes; the first comprised the one alloy, K—4, which wa; 
prepared for the Joint Research Committee on Effect of Tempera 
on the Properties of Metals® to represent the alloy 80 nickel, 2 
chromium, widely used as resistance wire. Its composition is actualh 
not representative of the bulk of the metal used in such wires, but} 
should serve to indicate in a general way the flow characteristics of 
this class of material. The second class in the first group comprised 
nickel-chromium-iron alloys both with and without appreciabls 
proportions of tungsten, while the third class consisted of low alloy 
steels having not more than 4 per cent of alloying elements. 

The six nickel- chromium-iron alloys in the first group represent 
compositions which have been used industrially in the constructioy 
of chemical or engineering equipment operating at high temperatures, 
Alloys E1894 and E1567 were made in this country and the test bar 
from heat E1894 were taken from the riser of a casting and do no 
represent the best properties obtainable at either room or elevate! 
temperatures (Table 1.) The similar alloys, marked FS-1 and FS~? 
were made abroad. 

Alloy E1912 is an austenitic steel of the type of Krupp’s V2A and 
the English corrosion resistant steel called Stabrite. Since austenitic 
steels are often said to retain a high proportion of their room temper:- 
ture strength at elevated temperatures, this nickel-chromium steel was 
included for comparison with the high-chromium ‘‘stainless”’ steels 
previously tested. Alloy EE1114 is similar to alloy E1912 with the 
exception that it has somewhat higher carbon and silicon and 4.5 per 
cent of tungsten. 

The materials designated as E1894, FS—1, FS—2 and E1567 have been 
used extensively abroad and to a lesser degree in this country, the 
first two chiefly in the form of castings, the latter pair largely as forg- 
ings. Alloy EE1114 which has been used both in castings and in 
forgings, is claimed to be resistant to softening at elevated tempera- 
tures and to resist scaling, even in oxidizing and sulphurous atmos 
pheres at temperatures as high as 2,000° F. 

The chromium-vanadium steel, No. 10-518, Table 1, has been used 
widely for autoclaves, and, especially with a somewhat lower carbon 
content, for vessels for ammonia synthesis. The treatments to which 
this steel was subjected before test were intended to produce conditions 
comparable to those existing in the walls of forgings too large to quench 
and too thick to harden effectively in the air. 

Steels EE1139, E1549, and E1490 are compositions used in cylinders 
for the extrusion of metals. Such cylinders, or the liners for such 
cylinders, are subjected to severe service. The material must flow 
only very slowly under fairly high pressures at temperatures as high 
as 1,200° or 1,300° F. and at the same time exhibit sufficient toughness 
to resist cracking. 

The two carbon steels and the three low-alloy steels comprising 
the second group of metals in Table 1 were made in 75-ton basic 
open-hearth furnaces and cast into large- end-up, hot- -top ingots. 





6 A committee sponsored by the American Society for ‘Testing Materials and the American Societ 
Mechanical Engineers. 
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Figure 4.—Micrographs of the steels of Group II, Table 1, in the condi- 
tions tested, X 100 


These photographs supplied by the maker. Etched with 3 per cent HNO; in alcohol. 
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The ingots were charged hot into the soaking pits, and after being 
brought to the proper rolling temperatures, rolled to the bloom sizes 
‘shown in Table 1. After heat treatment, as indicated, flow test 
specimens were cut from the blooms, the long axis being at 90° to 
the direction of rolling, at points halfway between the center and 
surface, but at an appreciable distance from the ends. The heat 
treatment and the method of taking the flow test specimens were 
selected to represent the metal in large forgings for high-temperature, 
high-pressure, power-plant equipment, and the tests at 700° F., were 
made to assist in the selection of a steel to meet special design require- 
ments. The specified heat treatments did not reduce the strengths 
of the steels at atmospheric temperatures to the desired values in 
all cases, and it was necessary to repeat the treatments for some of 
ihe steels in order to obtain the desired properties. 

In view of the fact that some of these steels were heat treated more 
than once, the structural condition of the material as tested is shown 
in the micrographs of Figure 4. 

The metals of the third group, Table 1, were melted in a high- 
frequency induction furnace, the charges being based on a carbon 
content of about 0.25 per cent, manganese of 0.5 per cent, and silicon 
of about 0.5 per cent. As far as was practicable, the nickel and 
chromium contents of the different alloys were selected to conform to 
those found in typical commercial alloys, but the primary basis of 
selection was a widespread scattering over the nickel-chromium-iron 
ternary diagram, so that the general trend of effects of composition 
on the flow characteristics at 1,000° F. could be determined. The 
alloys were all tested in the cast condition after being heat-treated as 
shown in Table 1. 

The results of tensile tests at atmospheric temperatures or Brinell 
hardness tests are given in Table 1 for many of the materials in order 
io define better the conditions in which the different metals of the 
several groups were tested. Since the properties of the metals in 
Groups I and II are compared with those of five steels previously 
reported upon the chemical compositions and preliminary treatments 
of the latter have been included for convenience in Table 1. 


IV. RESULTS AND DISCUSSION 


1. GENERAL RELATIONS BETWEEN STRESS, TEMPERATURE, 
DEFORMATION, AND TIME 


The flow of the metals of Groups I and II, Table 1, when loaded at 

different temperatures, is shown graphically in Figures 5 to 17, 
inclusive. The relations between stress, temperature, deformation, 
and time are similar to those observed in the steels previously tested 
und the time-elongation curves fall into three classes which depend 
upon the metal and the temperature. 
_ At atmospheric and slightly elevated temperatures, initial changes 
in dimensions (initial flow) are not necessarily followed by continuous 
low but, due to strain hardening, the rates of flow may decrease with 
time. In many cases the flow rates subsequent to the initial period 
second stage of flow), may be considered to be zero for all practical 
purposes and determination of allowable working stresses is therefore 
4 function of the permissible initial deformation. 
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Ficure 5.—Time-elongation curves for the alloy K— 
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Ficure 6.—Time-elongation curves 
for the Ni-Cr-Fe alloy E1894 
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of the steel EE1114 
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Figure 12.—Time-elongation curves of steel 10-518, lot A 
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At temperatures above those at which strain hardening is observed, 
gnv appreciable initial flow is followed by further and continuous 
eformation which may take place at approximately the same rate, 
higher or a lower rate, depending upon the conditions of test. At 
ich high temperatures the flow ordi- Hear No e190. C 073, Mw os2, Sios, Ni ois, Casas, Mo ose, V 02% 


arly increases with time and the 
lowable working stresses usually 
ecome a function of the rate of def- 
mation subsequent to any initial 
anges in dimensions (secondary 
ow rates). 
' At intermediate temperatures, the 
ime-elongation curves may show 
me of the characteristics of each of 
ie two classes of curves mentioned. 
1 other words, the transition from 
e relations typical of temperatures 
t which marked strain hardening is 
pserved to the relations typical of 
much higher temperatures 1s most 
ften gradual. The time-elongation 
urves may show appreciable initial 
eformation followed by decreases in 
low rates, but the flow may be con- 
inuous so that fracture occurs in 
elatively short time. 

In ductile materials appreciable 
longation eventually results in ap- 
breclable contraction in area. This, 
: turn, results in stress concentration 
id the rates of flow are greatly 
nereased just before fracture (final 


Different methods have been used 
N summarizing the results of flow 
ests, but probably the most accept- 
ie to engieers are those which 
how the relations between deforma- 
ln, stress, temperature, and time, 
ince the selection of allowable work- 
hg stresses is usually not solely a 
unction of the time for fracture but 
lemands consideration of the allow- 
ble deformation during any selected 
e. The desired life and the maxi- 
hun allowable deformation will vary 
ith different classes of structures 
nd the viewpoints of individual de- 
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Figure 16.—Time-elongation curves 
of the steel E1490 


sners and are likewise affected by the details of construction and 
peration. For this reason, the results are summarized in terms of 
er cent deformation per thousand hours at the different tempera- 
ures as is shown in Figures 30 to 41, inclusive, and in Table 2. 
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The stresses producing the deformation rates shown in Figup 
30 to 41 were determined from charts giving the relations betwee 
the applied load and the initial flow or secondary flow rates, shoy, 
in Figures 18 to 29, inclusive. The methods by which Figures 3 
to 41 were obtained from data in Figures 18 to 29 and Table 2 2 
the assumptions involved, have been discussed in detail in ie 
already referred to. 
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Figure 17.—Time-elongation curves at 700° F. of two carbon and three alli 
steels 


Table 1 contains details of chemical composition and preliminary heat treatments. 


Where comparisons are made with the metals of Group IV, Tabie 
1, the required flow data for these steels were taken from previous!! 
reported tests which were carried out under comparable conditions 

One important point, which has not been given much conside! ati 
in the interpretation of flow tests, is that the numerical valu 
obtained on one bar, lot, or melt of a given alloy may not coineic 
closely with the values obtained on other bars, lots, or melts. Simili! 
variations in the properties of metals at atmospheric temperatuts 
are W ell recognized and should likewise be given consideration in t 


7 See footnotes 2, 3, and 4, p. 126. 
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application of flow-test data. The extent of these variations is not 
how accurately known, but it has been shown § that the differences 
:, load-carrying ability, from heat to heat of steel, may be large. 
Without additional data, it is not safe to assume that the reported 
values represent the average, maximum, or minimum of the range 
characteristic of a given metal and safety factors must still be 
femployed. 
TABLE 2.—Flow-test data for five steels tested at 700° F. 





| 
| Stress producing 
flow per 1,000 


Initial | Secondary | ours of— 


re pie 
Type composition flow ecmanice Fd 


0.1 per 


sr cent 
| cent 1 per ce 








Lbs./in.? in./in. in./in./hr, 
10, 000 0. 0012 0 
15, 000 | . 
25° 000 | | if 9, 500 
35, 000 . O ‘i y ) 
| 


15, 000 


20, 000 
35, 000 . 0046 
50,000 | Continu- 
ous, 


10, 000 0 

15, 000 . 0006 
| 
) 


19, 000 


7 | 0.37 C, 3.46 Ni { 20, 000 . 0016 


| 
| 


35, 000 . 016 
50, 000 . 021 


10, 000 
15, 000 . 0002 
0.36 C, 1.25 Ni, 0.62 Cr 25, 000 . 0005 
| 40, 000 . O11 
50, 000 . 026 





15, 000 | 

| 20, 000 | . 0009 

| 0.35 C, 1.66 Ni, 0.99 Cr 35, 000 | . 0051 
} | 50,000 . 022 . 000015 

{ 60, 000 | . 043 | . 00017 

















For details of chernical composition and heat treatment refer to Table 1. 
racketed values estimated. 


T less. 
2. COMMERCIAL NICKEL-CHROMIUM-IRON ALLOYS 


In Figure 42, comparisons are given at 700°, 1,000°, 1,125°, and 
1,350° F. of the metals in Groups I and II, Table 1, and the five 
steels previously tested, Group IV. The stresses producing 0.1 and 
i per cent initial elongation and also 0.1 and 1 per cent secondary 
elongation (calculated per 1,000 hours) are represented by the lower 
and upper limits, respectively, of the blocks in the chart and serve 
is & basis of comparison of the flow characteristics of the different 
inetals. Comparisons can be made at lower temperatures in some 
cases and likewise at higher rates of flow from data given in Figures 
30 to 41, inclusive. 

In the relation of stress to total deformation for alloys at certain 
temperatures, it is necessary to consider both the initial and the 
secondary flow. These differences can be studied in detail from 
data given in Figures 18 to 29 and Table 2. 





* See footnote 3, p. 126. 
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Ficure 18.—Flow data for Ni-Cr alloy K-4, at different temperatures 


Obtained from Figure 5, 
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Figure 19.—Flow data for Ni-Cr-Fe-W alloy E1894, at different 


temperaiures 











Obtained from Figure 6. 
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Figure 20.—Flow data for the high Fe-Cr-Ni-W alloy FS—1, lots A and B, 
ai different tamperatures 


Obtained from Figure 7, 
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Figure 20.—Flow data for the high Fe-Cr-Ni-W alloy FS1, lots A and B, 
at different temperatures—Continued 


Obtained from Figure 7, 
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Figure 21.—Flow data for the high Fe-Cr-Ni alloy FS-2, lots A and B, 
at different temperatures 


Obtained from Figure 8, 
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FigurE 21.—Flow data for the high Fe-Cr-Ni alloy FS-2, lots A and B, 
at different temperatures—Continued 


Obtained from Figure 8, 
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Figure 22.—Flow data for Ni-Cr-Fe-W alloy E1867, at different 
temperatures 


Obtained from Figure 9, 
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FiguRE 24.—Flow data for the high chromium-nickel steel E1912, at 
different temperatures 


Obtained from Figure 11, 
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FicurE 25.—Flow data for the Cr-V steel 10-518, lot A, at different 
temperatures 


Obtained from Figure 12. 
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Fiaure 26.—F low data for the Cr-V steel 10-518, lot B, at different 
temperatures 
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Obtained from Figure 15. 
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| FicurE 29.—Flow data for the Cr-Mo-V steel E1490, at different temperatures 
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Figure 32.—Flow data for alloy FS-1, lots A and B 
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FIGURE 32.-—Flow data for alloy FS-1, lots A and B—Continued 
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Figure 33.—Flow data for alloy FS-2, lots A and B 
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ALLOYFS~2-LOT B. C 0.28. MN 1.45. SI 0.03. Ni 35.90. CRILI2.W 0.34. 
ANNEALED 1650°F 
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FicurEe 33.—Flow data for alloy FS-2, lots A and B—Continued 
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Ficure 34.—Flow chart for alloy £156” 
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Ficure 36.—Flow chari for steel E1912 
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Figure 39.—Flow chart for steel EE1139 
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Figure 40,—Flow chart for steel H1549 
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Fiaure 41,—Flow chart for sieel E1490 
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The data given in Figure 42 confirm some of the facts develope 
from practical experience, but, in addition, show certain featyy 
which have not been given much, if any, attention. At temperaturs 
between 1,125° and 1,350° F., the high nickel-chromium steels wey 
generally superior to the carbon and low-alloy steels, but if the defy. 
mation per thousand hours at the higher temperatures is limited 
1 per cent or less, the maximum allowable stresses drop to low vali 
even for the high-alloy steels. 

The outstanding alloy of the group at temperatures between 100i? 
and 1,350° F. was the one containing about 0.3 per cent carbon, | 
per cent silicon, 20 per cent chromium, 8 per cent nickel, and 4.5 pe 
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Ficure 42.—Comparisons of alloys on the basis of the stresses producing both 
. ene $ * 
initial and secondary deformation 


Note.—Secondary deformation is over period of 1,000 hours. 


cent tungsten; it showed as high or higher load-carrying ability than 
any of the other alloys. Its superiority was most marked at 1,350°F, 
but tended to decrease with decrease in the permissible rates of flow 
and with decrease in temperature. 
With this one exception, alloys showing superior properties 
1,350° F. did not necessarily show superiority at lower temperatures. 
At 1,350° F. superior load-carrying ability was shown by the alloys, 
20 Cr, 8 Ni, 1 Si, 4.5 W; 18 Cr, 8 Ni; and 61 Ni, 11 Cr, 2.8 W;t 
1,000° F. superiority was shown by the alloys 20 Cr, 8 Ni, 15; 
4.5 W; 38 Ni, 11 Cr, 1.8 W, and 57 Ni, 10 Cr, 3 W (FS-1 lot A; 3 
rolled). . is 
These different alloys all represent compositions used industrially 
for service at different temperatures and it was not practicable 
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‘Structures of the rolled bars (lot 


A) of alloy E1912, after test at 
different temperatures, X 250 


at 990° F. for 560 hours; 6, 50,000 Ibs./in.? at 990° F. for 90 hours; metal 1% inch hack 

ire at surface of specimen lotal elongation, 15.5 per cent; c, 28,000 Ibs./in.? at 1,165° F. 

ours; metal 14 inch back of fracture at surface of specimen. ‘Total elongation, 7.7 per 

10,000 Ibs. /in.2 at 1,380° F. for 168 hours; met: ul 1, inch back of fracture at surface of 

n. ‘Total elongation, 4.4 percent. Etched with 2 parts concentrated HCl, 1 part con- 
1 HNO, 1 part He Os and 2 parts glycerin, 
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Figure 44.—Structures of the water quenched bars (lot B) of alloy E191 
before and after test at different temperatures 


a, Original quenched bar; 6, 40,000 lbs./in.? at 990° F. for 520 hours, unbroken with 6.1 per cent 
elongation; c, 50,000 Ibs./in.? at 990° F. for 93 hours; metal }¢ inch back of fracture at surface 0! 
specimen. Total elongation, 15.5 per cent; d, 20,000 Ibs./in.? at 1,195° F. for 223 hours, met 
inch back of fracture at surface of specimen, Total elongation, 10.1 per cent. Etched 
cated in Figure 43. 
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empt to determine the effects of variations in important elements, 
) as nickel, chromium, and silicon upon their high temperature 
. characteristics, since in only a few cases were the differences in 
nposition of any two alloys restricted to a single element. For 
»mple, the effect of tungsten on the alloy nominally containing 18 
cont chromium and 8 per cent nickel can not be established from 
ain Figure 42, since the alloy with tungsten contains about twice 
> carbon and five times the silicon in the alloy without tungsten. 
h circumstances do not affect the usefulness of the flow-test 
a, but made it necessary to depend upon the experimental melts, 
oup III, Table 1, to show the general trends in the system, nickel- 
romium-iron. 
The two lots of alloy E1912, containing about 18 per cent chromium 
8 per cent nickel with 0.15 per cent carbon offer some interesting 
mparisons. It was originally intended to test this alloy only in 
hot-worked condition as represented by lot A, Table 1. However, 
ye samples were required before the tests were completed and the 
sof the second lot (B) were found to have a higher tensile strength 
atmospheric temperatures than bars of lot A, due quite probably 
a somewhat lower finishing temperature in rolling. Therefore, 
B was softened by water quenching from 1,850° F. and subse- 
ently tested although its room temperature tensile strength was 
| somewhat higher than that of lot A. Also, the grain size of the 
enched samples was smaller than that of the hot finished samples 
is shown in Figures 43 and 44. 
At 990° F., these two lots of alloy E1912 exhibited about the same 
pd carrying ability but at 1,180° F. the fine-grained (water quenched) 
el was weaker than the coarse-grained material. (Fig. 36.) Com- 
risons of the two lots were not made at higher temperatures, but 
evidence available gives interesting confirmation of the view that 
be-crained metals having more intercrystalline material than cor- 
ponding coarse-grained metals should be stronger at atmospheric 
mperatures, but weaker at high temperatures. 
There is some evidence, however, that coarsely crystalline metals 
ay be dangerous from other viewpoints. While they may flow at 
ver rates than corresponding fine-grained metals, fracture may occur 
th less total elongation. There is also the possible added disad- 
ntage of weakness in resisting shock at high temperatures as well 
at atmospheric temperatures. 
In the case of the steel nominally containing 18 per cent chromium 
hd 8 per cent nickel, a marked intercrystalline weakness was observed 
temperatures between 1,165° and 1,380° F. and to some extent 
0 at 990° F., in both fine-grained and coarse-grained samples, though 
¢ latter seemed to show the more marked tendency in this direc- 
mn. When the specimens were allowed to remain under load at 
165° to 1,195° or 1,380° F., until fracture occurred the fracture was 
tercrystalline and grain separations were to be observed at some 
Stance back of the fractures, especially at the surface. These 
ctures are shown in Figures 43 and 44. There is no clear evidence 
at this intererystalline weakness is associated with carbide precipi- 
lion at the grain boundaries. 
‘According to one manufacturer ° there is decided difference in be- 
tvior of this nickel-chromium steel which depends upon whether 
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fivate communication. 
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the carbon content is below or above 0.07 per cent Quenching {; 
around 2,100° F. has been recommended to bring the carbides; 
solution, but if subsequently reheated to above 990° F, embritt 

ment of steels with over 0.07 per cent carbon has been reported: 
occur and has been attributed to the reprecipitation of carbides, 
the grain boundaries. 

The steel containing about 0.3 per cent carbon, 1 per cent gilicg 
and 4.5 per cent tungsten, in addition to 20 per cent chromium ay 
per cent nickel, showed intercrystalline weakness, 1,160° and | 
F., but, so far as could be determined from the usual meta! logran 
examination, this was less marked than in the 0.15 per cent car} 
steel with 18 per cent chromium, 8 per cent nickel, and no tungstg 
(Figs. 43, 44, and 45.) , 

Intercrystalline weakness, possibly associated in some cases yi 
grain growth, was observed in two of the samples of the alloy Ely 
containing 38 per cent nickel, 11 per cent chromium, and 1.8 per cea 
tungsten when subjected continuously to stress at 1,185° F. (Fig. 4 
No similar effects were found in the alloy, E1894, ‘containing aby 
60 per cent nickel, 11 per cent chromium, and 2.8 per cent tungs 
which was tested in the cast (annealed) condition. The structure 
this latter alloy was exceedingly coarse, as is shown in Figure 47 ay 
in tests at 1,370° F. there was evidence of either carbide precipit 
tion or the formation of a eutectic at the grain boundaries. (Fy 
47 (6) and (c).) Further attention to constitutional changes and 
tercrystalline weakness of the high-nickel chromium alloys when si 
jected continuously to stress at high temperatures with comparisu 
of the alloys nominally containing 18 per cent chromium and 8 jp 
cent nickel with both more and less than 0.07 per cent carbon, woul 
seem to be merited. 


3. CARBON AND LOW ALLOY STEELS 


If the load-carrying ability is judged by the stresses producing 0) 
to 1 per cent deformation in 1,000 hours, as in Figure 42, the lor 
alloy steels show promising properties at 700° to 1,000° F. and eva 
up to 1,125° F. 

Figure 42 shows a number of factors which tend to improve th 
load-carrying ability of carbon and low-alloy steels. The first ist 
crease in carbon content. The steel with 0.45 per cent carbon show 
much better load-carrying ability than that with 0.23 per cent carba 
and resisted flow at 700° F. about as well as the steel with 0.35 pe 
cent carbon and either 31; per cent nickel or a combination of 1}' 
1% per cent nickel and }5 to 1 per cent chromium. 

A comparison of the stresses producing 0.1 to 1 per cent deform 
tion in 1,000 hours for 0.35 per cent carbon steel obtained by int 
polation of values for the 0.23 and 0.45 per cent earbon steels witt 
load-carrying ability of the nickel and nickel chromium steels of 
lar carbon content indicates that the addition of 3% per cent of mes 
or 1% to 1% per cent nickel and \ to 1 per cent chromium is re lative 
ineffective in increasing the resistance to flow at 700° F. At! 
the load-carrying ability was no higher than that of a plain ca ! 
steel of somewhat higher carbon content (0.45 per cent) when t 
metal was placed in a ‘‘soft” condition corresponding to that 
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Figure 45.—Structures of the forged bars of alloy EE1114, after test at dif- 
ferent temperatures, X 250 


Ibs./in.? at 995° F. for 79 hours; metal 14 inch back of fracture near center of bar. Total 
tion, 10.2 per cent; 6, 25,000 Ibs./in.? at 1,160° F. for 106 hours. Unbroken with total 
tion of 0.32 per cent; c, 39,800 lbs./in.? at 1,160° F. for 106 hours; section at fracture. Total 

gation, 4.9 per cent; d, 24,900 Ibs./in.? at 1,390° F. for 77 hours; section at fracture. Total elon- 

2.7 per cent. Etched as indicated in Figure 43. 
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Figure 46.—Structures of the rolled bars of alloy E1267, before and aft: 


at different temperatures, X 250 
a, Original bar of lot B; 6, 23,3 s.Jin.? at 1,185° F. for 180 hours; metal at fracture. Tot 
gation, 2.4 per cent (lot A); c, 35,000 Ibs./in.? at 1,185° F. for 38 hours; metal at fracture 
elongation, 13 per cent; d, 10,000 Ibs./in.? at 1,3€0° F. for 70 hours; metal at fracture. ‘Tot 
gation, 37 per cent. Etched as indicated in Figure 43, 
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ree forgings. However, other characteristics of the alloy steels 
nav give them superiority, such, for example, as superior resistance 
orain growth on recrystallization which results from deformation 
nd subsequent heating in cyclic temperature operations. 
The outstanding feature with respect to the low-alloy steels is the 
‘ctiveness of quenching in raising the resistance to flow at tempera- 
res around 700° to 1,000° F. It may be said, a priori, that quench- 
he should be followed by tempering at temperatures at, or prefer- 
hiv above, those of subsequent operation if stability is to be expected, 
ut it is significant that at 700° and 1,000° F. (in one case at 1,125° F.), 
e quenched and tempered steels showed load-carrying ability pro- 
rtionately much higher than that produced by small additions of 
ny of the alloying elements considered. It is largely for this reason 
at it was considered impracticable to attempt to develop the mag- 
nitude of the effects of tungsten additions to the chromium or other 
Bloy steels (fig. 42) since the heat treatments were not all comparable. 
; One other item of interest is to be found in the comparison of the 
sults obtained on the chromium-vanadium steel, No. 10-518, Table 
, subjected to two different preliminary heat treatments. At 
tmospheric and slightly elevated temperatures the samples with the 
igher tensile strengths, as determined at room temperature, showed 
he higher load-carrying ability but at 1,200° F. the order of supe- 
ority was reversed although the differences between the two sets of 
mples were not marked. It is probable that this reversal is analo- 
sous to that found in the high chromium nickel steel, E1912, Table 1, 
ready discussed. Once again evidence has been obtained to indicate 
hat high tensile strength at ordinary temperatures does not neces- 
prily signify high load-carrying ability at high temperatures. 


é EFFECT OF PROLONGED STRESS AT DIFFERENT TEMPERATURES 
| ON HARDNESS AND IMPACT RESISTANCE AT ATMOSPHERIC TEM- 
| PERATURES 


| One question which may arise in the practical application of metals 
it high temperatures is whether prolonged loading will produce ap- 
reciable changes in their properties at either atmospheric or elevated 
pmperatures. Aside from precipitation of carbides, claimed toem- 
rittle high chromium or high nickel chromium steel similar to E1912, 
gible 1, deformation at high temperatures followed by cooling and 
feheating, which may be encountered in cyclic operation of high-tem- 
erature equipment, may result in grain growth and changes in impact 
sistance or other properties.”® 

| Recently Rosenhain and Hanson" reported an appreciable increase 
m the Brinell hardness of mild steel strips containing 0.11 per cent 
arbon when subjected for about five years at 570° F, to loads equiv- 
Ment to one-third to two-thirds of their tensile strength determined 
t ordinary temperatures. This hardening was observed despite the 
hct that the samples were reported to have undergone only a very 
fall amount of deformation in the specified interval. 

| No satisfactory explanation was offered for these effects, but if 
preciable hardening can take place generally in steels without 





PF. P. Fischer, Rekristallisationsversuche Allgemeiner Art und zahlenmissige Feststellungen iiber 
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’. Rosenhain and D. Hanson, The Behavior of Mild Steel Under Prolonged Stress at 300° C., J. Iron 


Steel Inst., 116, p. 117; 1927. 
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deformation, when they are subjected to prolonged stresses at hip} 
temperatures, this matter must be considered in the interpretation 9! 
flow-test data. On this account hardness and notched bar impact 
tests were made on samples of the chromium-vanadium steel, \o 
10-518, Table 1, after they had been stressed for long periods in th 
flow tests. 

The impact specimens were prepared from the reduced sections of 
the flow-test specimens, the notch being placed in the center of tho 
gage length. On account of the small size of the specimens used jy 
the flow tests (0.25-inch diameter) a standard impact test specimen 
could not be obtained. Instead, specimens were prepared for a |oy. 
range Charpy impact testing machine and had a length of 2.1 inches. 
a thickness of 0.1 inch and widths varying from 0.14 to 0.2 inch. 
depending upon the diameters of the tested flow test specimens 
Whenever possible, specimens having a width of 0.2 inch were used. 
However, the results were all converted ” to equivalent values {o; 
specimens having a width of 0.2 inch. 

Rockwell hardness tests were also made on the broken impuct 
specimens, a \.»-inch ball and 100 kg load (B scale) being used. The 
results are summarized, together with pertinent flow test data in 
Tables 3 and 4. 


TABLE 3.—Effect of prolonged stress at different temperatures on subsequent hardness 
and impact resistance at atmospheric temperatures of the Cr—V steel, No. 10-513, 
Lot A, Table 1 

750 


{1,575° F., slow cool; 1,375° F., furnace cool] 





| Tests at room ten: 
Flow test | peratures . 
| Final | Reduc- | quent to flow tess 
elonga- | tion of 
tion in | areain | 

flow test | flow test | Impact Rockwell 
Load resis- : 

; tance 


Duration 
Specimen No. a 


| 
Temper- 
| ature 














Lbs./in.? | Per cent | Per cent | Ft./lbs. 


25, 000 | Tea ERS Ge, (SEE A 5.10 
35, 000 | } + See 5. 00 
50, 000 | 87 . 68 
60, 000 3. 4. 55 
70, 000 L3 48 


20, 000 | = . 97 
30, 000 | y 4 . 93 
40, 000 - 5.11 
50, 000 | ; . 22 
60, 000 | 3. 3. 08 


70, 000 | t 3. 53 
5, 000 | 308 . 85 
10, 000 | | 

15, 900 | 
30, 000 | 





2, 500 | 
1, 000 5, 100 | 
1,000 | 10, 000 | 

See --| 1,000] — 15,000 | 
aia a AI tS 3 





CS A eee ee 1, 200 500 | 
1, 200 1, 000 | 
1, 200 1, 500 
1, 200 3, 000 
1, 200 5, 000 











1 





12 Since the thickness of the specimens was the same in all cases, the impact values vary directly 
the width. 
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TasLE 4.—Effect of prolonged stress at different temperatures on subsequent hardness 
‘and impact resistance at atmospheric temperatures of the Cr—V steel, No. 10-518, 
Lot B, Table 1 


[1,575° F., air cool; 1,300° F., furnace cool] 





Tests at room tem- 
Flow test peratures subse- 

Final Reduc- quent to flow tests 
elonga- tion of |_ 
tion in area in 
flow test | flow test | Impact | Rockwell 
resis- | (B scale) 
tance hardness 


Duration 
Specimen No. ent Ome 
test 


Temper- 
ature Load 








| 
aes Lbs./in.2,| Hours | Per cent | Per cent | Ft./lbs. 
30, 000 194 0.08 |_- weaned 5. 12 
50, 000 143 S| es 47 
70, 000 143 .  ) ae . 84 
214 77 | a 21 
216 3. 18 3.15 3.8 





Be 
187 
168 
260 








1, 500 
3, 000 














No measurable changes were found in the hardness or impact 
resistance at atmospheric temperatures so long as no appreciable 
deformation was produced in the previous flow tests. Deformation 
at temperatures at which strain hardening occurs in the flow tests 
was accompanied quite generally by an increase in the hardness and 
a decrease in the resistance to impact. In all cases, however, the 
changes were small. At higher temperatures, 1,000° to 1,200° F., no 
measurable changes were produced in the impact resistance or hard- 
iess by deformation in the flow tests. The flow tests were not 
continued for such long periods as in the tests reported by Rosenhain 
and Hanson and a steel of very different composition was studied. 
The results indicated, however, that no changes occurred other 
than those which might normally be expected from strain hardening. 


5. TRENDS AT 1,000° F. IN THE SYSTEM NI-CR-FE 


_In the tests of the commercial alloys of nickel, chromium, and 
iron, it was impracticable to determine the effects of variations in 
uckel or chromium on the load-carrying ability of the alloys at 
igh temperatures, since the variations in composition were not 
restricted to these individual metals. It was largely on this account 
that the 12 metals of Group III, Table 1, were prepared. Their 
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approximate locations in the nickel-chromium-iron ternary diagray 
are shown in Figure 48. 

The flow tests w ere not continued for such long periods ag thos 
made on the commercial alloys, since the principal object Was | 
determine general trends in the system, nickel-chromium-iron, rath 
than to secure numerical values of the load-carrying ability of 
different alloys. 

The metals were melted in zirconia crucibles in a high- -frequenry 
inducti x“ furnace, cast in iron molds (preheated to approxima’ 

390° F.), and su bsequently heat treated as indicated in Table | 
The heat treatments were selected to produce at least a partial gry 


Ny, SON Ne Na ENS 


Figure 48.—Locations of the alloys of Growp III, Table 1, on the 1 
chromium-iron ternary diagram 





The melt numbers given in the chart correspond to those given in Table 1. 


refinement, promote diffusion, and leave the alloys in a “softened’ 
condition. 
The alloys tested were not pure in the sense that they were Ir 
from all elements except nickel, chromium, and iroa, since intentioné | 
additions were made of carbon, silicon, and manganese. The presen’ 
of appreciable > ape of the last three elements probably exertet 
a pronounced effect upon numerical values of the flow at 1,000° f, 
and by acting in different ways in different alloys may have modi 
fied somewhat the m: agnitude of the changes existing in the pu 
nickel-chromium-iron system. However, it is hardly ‘probable tht 
the general trends were upset by the presence of the carbon, silico? 
or manganese and, since most industrial alloys castings of this genera 
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ye contain appreciable amounts of these three metals, the results 
e probably closer to those obtainable in practice than would be the 


se with pure metals. 
Table 1 shows that not all of the alloys contained the desired 


Byounts of carbon, silicon, and manganese. The carbon contents 


re 0.20 to 0.35 per cent in most cases, but some of the alloys con- 
ined as much as 0.50 per cent or as little as 0.11 per cent. The 
anganese was between 0.6 and 0.9 per cent, but the silicon varied 
m about 0.5 to 1.1 per cent. These variations probably affected 
0 numerical values of the flow appreciably, but, in general, may 
disregarded since only the major trends in the nickel-chromium- 
nsystem are to be considered. 
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Time-elongation curves from tests at 
Group III, Table 1 


specimens for the flow tests were cut from the castings at 
s midway between the outside and the center in the direction 

] < mlm t M ee 
long axis. The Brinell hardness values subsequent to the 
orded heat treatments are given in Table 1, and have been used as 
asis of the 3-dimension model in Figure 49 to give a better picture 
j he conditi >] thick |} » at Ie TATA Yai od The > | mone 
onaitions in which the metals were tested. 1e time-eionga 
on curves from the flow tests at 1,000° F., are given in Figure 50 
ile the relations between the flow and the applied loads are sum- 

nanzed in Figure 51. 

As in the case of the alloys of Groups I and II, Table 1, the load- 


‘arrying ability may be represented by the stresses producing 1 per 


me 


ent elongation in the first thousand hours and a comparison of the 
tals on this basis is given in the 3-dimension ternary model in 
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Figure 52. Figure 52 shows that the addition of nickel to the; 
containing about 0.2 per cent carbon, etc. (Table 1), resulted ip 
marked changes in the stresses producing 1 per cent elongation ip; 
first thousand hours. 

The addition of chromium to iron containing about 0.2 per 
carbon, etc. (Table 1), did not improve the load-carrying 
at 1,000° F. appreciably until the chromium content was in 4 
neighborhood of 50 per cent. In fact, the iron alloy with 30 per 
chromium showed the lowest resistance to flow of all of the ali 
tested and that with 14 per cent chromium, representing the compo 
tion of “‘stainless steel,” was about on a par with steel containing 
chromium. i 
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Figure 51.—Flow data for tests at 1,000° F. on the alloys of Group III, Table! 


Obtained from Figure 50. 


On the other hand, the addition of a little chromium to the im 
alloys with 40 per cent or more of nickel produced a marked incress 
in the load-carrying ability. The most effective proportions of chr 
mium were between 5 and 20 per cent; higher proportions prod. 
further increases, but not in the same degree. 5 

These results explain in part the popularity of the commer 
iron-nickel-chromium casting alloys containing about 60 to 6) pe 
cent of nickel and 10 to 20 per cent of chromium. This compositid! 
is in the range of high load-carrying ability, although it does not hav 
the best resistance to flow. 

The strongest of the alloys at 1,000° F. were those with little or 
iron, 50 to 80 per cent nickel, and 50 to 20 per cent chromium. !%* 
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FigtrE 49.—Summary of the Brinell hardness of the alloys in Group ITT, 
Table 1, in the conditions tested 


This model is based on data given in Table 1. 














Figure 52.—Stresses producing 1 per cent elongation in 
the jirst 1,000 hours at 1 OO” F. in cast alloys of the 


system, nickel-chromium-iron 


As explained in the text, this model is intended only to show the general 
trends in the system. 











ch, Kahlbaun,) ——-s High Temperature Creep of Metals 181 


shest load-carrying ability was obtained in the castings containing 
pout 50 per cent each of nickel and chromium (alloy 1008, Table 1), 
this alloy would be expected to offer difficulties in the foundry and 
.¢ the serious disadvantage of fracturing with low elongation. 
ir, 50.) The remedy for this latter condition may be in decrease 
ihe impurities, but foundry difficulties would be expected to persist 
nder such conditions. A more practical solution of the problem of 
curing higher resistance to flow at high temperatures would prob- 
hi be in additions of other elements to the alloys containing 60 to 
per cent of nickel, 10 to 20 per cent of chromium. ‘Tungsten is 
e of the additions used industrially for this purpose as is shown by 
e composition of the commercial alloys of Group I, Table 1. 
in the alloys containing 50 per cent or more of nickel and 10 to 
)ner cent of chromium, it would seem to be advisable to keep the 
sromium close to 20 per cent, since a decrease to 15 per cent or less 
rings the metal into a range of rapidly decreasing load-carrying 
‘lity as is shown in Figure 52. This means that the composition 
ations ordinarily encountered in commercial production would 
silt in wider variations in properties in the nickel-iron alloys 
ith 5 to 15 per cent chromium than in those with 15 to 20 per cent. 
urthermore, lowering the chromium would also tend to lower 
he oxidation resistance of the metal. 
lt is of interest to note that the iron-nickel-chromium alloy having 
1 nominal composition of 18 per cent chromium and 8 per cent 
ickel, which is now so widely used in the wrought condition, is in 
e field of low load-carrying ability at 1,000° F. It can not compete 
ith some of the other alloys in castings for service requiring high 
resistance to flow, but is attractive on account of excellent resistance 
oxidation and because it can be formed either hot or cold. 
| \Vhile this and some of the other alloys in the nickel-chromium- 
on system were found to have relatively low resistance to flow at 
#.000° F-., it should be recognized that improvement may be obtained 
Hirough modifications in heat treatment or by varying the proportions 
elements, such as carbon, silicon, etc. An example is found in the 
n alloy containing 14 per cent chromium. ‘Tests on two different 
ots containing, respectively, 0.24 and 0.37 per cent carbon showed 
Mig. 51) that the alloy with 0.37 per cent carbon had a much better 
esistance to flow at 1,000° F. than the alloy with 0.24 per cent carbon. 
lt should be recognized that variations in the general structure 
(cast or wrought metal), in heat treatment, or in the proportions of 
ements, such as carbon and silicon, may affect the load-carrying 
bility to a greater degree than appreciable variations in the propor- 
_ of nickel, chromium, or iron at least in some parts of the system. 
Arig, 52.) fe 


V. SUMMARY 


" 
4 


Flow tests were made at different temperatures on three groups of 
loys. The 11 metals of the first group comprised 1 nickel-chromium 
toy, 6 nickel-chromium-iron alloys, with or without tungsten, and 4 
oW chromium steels containing also vanadium, tungsten, or molyb- 
tenum. The flow characteristics of these metals are summarized in 
‘arts given in the report. 

Two carbon steels, two low nickel-chromium steels, and a 3% per 
eit nickel steel comprised the second group of metals which were 
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tested at 700° F. When annealed so as to reproduce the conditic, 
existing in large eninen the plain carbon steel containing 0.45 yp 
cent carbon showed ‘better load-carrying ability than that w ith 0 
per cent carbon and resisted flow at 700° F. about as W ell as the stad 
with 0.35 per cent carbon and either 3% per cent nickel or a combiy 
tion of 1% to 1% per cent nickel and % to 1 per cent chromium. 

The third group of metals consisted of nickel-chromium-iron lly 
castings melted in a_ high-frequency induction furnace. The 
chemical compositions were selected to cover a broad area in th the 
nickel-chromium-iron system, and the tests of these metals were ma¢ 
at 1,000° F. after annealing or normalizing to produce softening, grjy 
refinement, and diffusion. 

[t was found that the addition of nickel to iron containing aby 
0.20 per cent carbon, 0.75 per cent manganese, and 0.7 per cay 
silicon resulted in no marked changes in the stresses required to pw 
duce 1 per cent elongation in the first 1 ,000 hours. The additio nd 
chromium to the iron did not oreatly improve its load-carryiy 
ability until the chromium content reached about 50 per cent. | 
fact, the iron alloy with 30 per cent chromium showed the lowe 
resistance to flow of all of the alloys tested at 1,000° F. and the ox 
with 14 per cent chromium, representing the composition of “st 
less steel,” was about on a par with steel containing no chromiun. 

On the other hand, the addition of a little chromium to the im 
alloys with about 40 per cent or more of nickel produced a marke 
increase in the load-carrying ability. The most effective amounts 
chromium were between 5 and 20 per cent; higher proportions pw 
duced further increases, but these were not commensurate with the 
increases produced by additions below 20 per cent. 

The highest load-carrying ability was obtained in the castings co: 
taining about 50 per cent each of nickel and chromium, but this ally 
would be expected to offer difficulties in the foundry and, with th 
proportions of carbon, silicon, and manganese present, had the seriois 
disadvantage of low ducti lity. 

In the case of the wrought commercial alloy containing 0.15 
cent carbon, 18 per cent chromsutt, and 8 per cent nickel, intererys' 
line weakness was observed at temperatures between 1,165° and 1,38! 
K. and to some extent also at 990° F. This was noted in both 
erained and coarse-grained samples, although the latter seemed t 
show the greater tendency in this direction. A similar epee ! 
in a smaller degree, was observed at 1,160° and 1,390° F. in the al 
containing 0.3 per cent carbon, 1 per cent silicon, 4.5 per cent tungsten 
20 per cent chromium, and 8 per cent nickel, and at 1,185° F. 1 
alloy containing 38 per cent ie kel, 11 per cent chromium, and |! 
per cent tungsten. 

In the case of the wrought alloy containing about 0.15 per | I 

carbon, 18 per cent chromium, and 8 per cent nickel, fine-grained 

ameaneiand samples showed about equal load-carrying ability 
990° F., but the fine-grained samples were weaker than the coat 
grained at 1,180° F. This should not be taken as a rec commendat 
of coarse-grained metals for high-temperature service, since fractl" 
may occur with less total elongation than in the corresponding fine 
erained mets als and so counteract any advantages from Jower rates 
flow. There is also the possible added disadvantage of weakness 
resisting shock. 
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With one exception the wrought commercial alloys of nickel, 
romium, and iron which showed superiority at about 1,380° F. did 
necessarily show superiority at lower temperatures. This excep- 
was the alloy containing about 20 per cent chromium, 8 per 
nickel, 4.5 per cent tungsten, 0.3 per cent carbon, and 1 per 
silicon, which had the highest load-carrying ability of all of the 
Movs of Group I. 
A study was made of the effect of deformation in the flow tests 
t different temperatures on the hardness and impact resistance of a 
romium-vanadium steel at ordinary temperatures. No marked 
ranges were found in the hardness or impact resistance so long as 
« measurable deformation was produced in the prior flow tests. At 
mperatures at which strain hardening occurs, deformation in the 
pw tests produced a small increase in the hardness and a decrease 
the impact resistance of the steel at atmospheric temperatures; 
eformation in the flow tests at higher temperatures did not affect 
ese properties at atmospheric temperatures. 


| 
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: — CHARACTERISTICS OF TWO-BLADE PROPELLER 
FANS 


By H. L. Dryden and P. S. Ballif 


ABSTRACT 


Koyen 2-blade propeller fans, 8 feet in diameter and of pitch/diameter ratios 
50, 0.375, 0.500, 0.625, 0.750, 0.938, and 1.063, respectively, were tested in a 
t especially constructed to simulate the operating conditions encountered in 
ling towers. Each fan was tested for two operating conditions: (1) With the 
nerating as a blower, and (2) with the fan exhausting air from the duct. 
, fan was operated at constant speed of rotation against resistance condi- 
s which were varied by steps, from a completely blocked passage to as nearly 
open passage as the conditions in the duct permitted. The relation between 
lume of air moved in unit time, the head developed, and the power absorbed 
he fan was determined for each resistance condition. The results are 
pressed in the form of coefficients and are plotted so as to facilitate their use 
estimating the performance of fans of other diameters and rotational speeds. 
Nhe chief effect of variation of pitch/diameter ratio is to increase the range of 
ad and volume coefficients with increase in pitch/diameter ratio up to pitch 
meter ratio of 0.938. The blower condition shows a slightly higher efficiency 
oughout. There is little variation in maximum efficiency between pitch/diam- 
r ratios of 0.875 and 0.938. Pitch/diameter ratios greater than 1.0 should 
n general, be used. 
Two-blade propeller fans are suitable for moving large volumes of air against 
sures that do not exceed 1.0 inch of water. For pressures greater than 1.0 
h of water the rotational speeds become inconveniently large. The speed of 
ation and the fan diameter should be carefully chosen to obtain maximum 
ciency, 
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I. INTRODUCTION 


The investigation described in this report was undertaken as a 
operative project between the Paragon Engineers (Inc.), of Balti- 
ore, Md., and the National Bureau of Standards for the purpose of 
“aining, for the industry data on the performance of 2-blade pro- 
ver fans. Recently there has been a trend toward the use of fans 


us type in cooling-tower installations, and their use has also 
‘n considered for other applications where it is desired to move 
te volumes of air against relatively low pressures. Since no data 
'e available as to the operating characteristics of 2-blade propeller 
phen importance of this information to the manufacturer and 
er is obvious, 
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The Paragon Engineers (Inc.) furnished the fans used and supp 
funds for the construction of a test duct at the Bureau of Standap 
where the experiments were performed. Members of the staff of 
Bureau of Standards installed the apparatus and conducted the ta 

This report contains a brief description of the apparatus 
methods e mployed 1 und presents a summary of the results of the iny: 
tigation, together with such comments and discussion as x 
necessary. . 


Il. GENERAL PLAN OF THE INVESTIGATION 


In regard to any one fan the object of the experiments is to deta 
mine the relation between the power absorbed and the quantit 


air delivered against various resistance conditions. When this rj 
tion has been found and express ssed in suitabie form, it can be used; 
predict the performance of ia nilar fans operating under simi 
conditions. It is eoivctals to remember the restriction stated; 
the last clause, since the test duct was arranged to simulate { 
special conditions encountered 1n cooling-tower applications. 

Each fan wes operated at constant speed of rotation ag; i 
resistance conditions which were varied by steps, from a com ple 
blocked passage to as net rly an coe passage as conditions in th 
test duct permitted. The temperature and barometric Presa 
the free atmosphere, the static pressure and velocity of the air flow 
through the duct, and the power furnished by the motor were measur 
The quantity ’ of air delivered by the fan in unit time was celculaid 
from the observed value of the mean air velocity and the area 
the duct. 

Chbservat “—ag were made on each fan at two speeds of rotation, w 
585 and 700 r. p. m. , except for two fans of low pitch where it wi 
necessary to use s} »f $00 and 900 r. p. m. in order to stay witli 
the efficient working range of the motor. These speeds were selecta 

representative motor aaa. As will be explained later, 
leasurements at two speeds are, in effect, check measurements ail 
serve to indicate the accuracy of the work. 

Data were obtamed for two operating conditions: (1) Witl 
fan operating as a blower, and (2) with the fan exhausting air from tr 
due C. 

III. DESCRIPTION OF APPARATUS 


The test duct (figs. 1, 2, 10, 11)1is circular incross section, 10 fe 
diameter, and 26 feet 3151 re long, with the axis of the duct a 
feet above the ground. ‘The duct is out of doors, a control 10 

built at the side of the duct serving to house the instruments and 
trol apparatus. In the duct there is a honeycomb partition consist 
hollow sheet-metal cylinders 3 inches in diameter and 12 1 
long with their axes parallel to the axis of the duct. In acai nt 
serving its usual function of straightening the air stream, th 
comb serves as a support for holding the materials used to increase t 
resistance of Ge duct. When the fan is operated as a blower, the 
honeycomb is located 13 feet 1114 inches from the plane of the | 
(Fig. 10.) For the exhaust condition (fig. 11) the honeycom! 
located 21 feet 6° inches from the plane of the fan. Eight static vw 
plates, 45° apart in a plane normal to the axis of the duct and | 
91; inches from the plane of the fan. are located in the duct wall. 














Figure 1.—Front view of test duct 
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| plates are connected through one-eighth inch galvanized pipe to 
bncle header. Each lead contains a valve so that any wall plate may 
connected through the header to a sloping manometer while the 
t are closed off. 
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FiGuRE 3 
\ 25-horsepower direct-current variable-speed motor is mounted on 
yo streamlined concrete columns inside the duct. The motor 1s 
bbstantially cylindrical and about 35 inches in diameter. The 


— 








SECTIONS TAKEN 
| 


leg" 75° 


| 
Riewr Hana Propen.er FAN ‘ial _ net OF SECTION | 
Af. nw 2e2 d > 12/5 oe 1 m7” a 
vominal FircH ZO Ss a a }.29 

i } 





FIGURE 4 


reamlined columns are about 3% feet high and 2% feet long, with a 
laximum thickness of about 8 inches. 
The air speed at any point was measured by a 4-inch Richard 


lectrically signaling anemometer, which had been calibrated on the 


wunting used, The anemometer was fastened, as indicated in 
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Figures 10 and 11, to an arm that could be turned in a plane norm 
the axis of the duct, and it could be set at any distance from the gyJ 
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FicureE 5 


hence, it was possible to place the anemometer at any point on 
circle swept out when the arm was turned. 

The speed of rotation was measured by a Weston electric tachowel 
directly connected to the motor shaft. The power input was meas 
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Ficure 6 


by means of a portable-type ammeter and voltmeter accurate to 0¢ 
half of 1 per cent. 

Seven 8-foot 2-blade propeller fans of laminated wood construct iol 
were used in the investigation. The nominal pitch of the fans w# 
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3,4, 5,6, 7/4, and 84s feet, respectively. The measured geometric 
teh at several radii is given in Table 1. Figures 3 to 9 show the 
proximate shape and dimensions of the fans. It should be noted 
at the fans are notall of one family, since the plan form, blade width, 


nd blade section vary considerably. 


TABLE 1.—Measured pitch of fans at various radii 


Radius in feet 


Nominal pitch 
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The diameter of the duct was made 2 feet larger than the diameter 
p the fan so as to approximate the condition in a particular cooling- 
ower installation. That installation has several fans located in the 
valls of the tower. THe cross-sectional area of the tower is 1.56 
imes the total fan disk area; hence, in reproducing this condition, 
tie ratio of the diameter of the outlet duct to the diameter of the fan 
vas made -1.56, or 1.25. A cylindrical ring 4% inches long and 8 feet 
l inch inside diameter was centered in the plane of the fan to simulate 
the wall condition. 


IV. REMARKS ON THE LOCATION OF THE STATIC PRES- 
SURE HOLES 


The static pressure holes were originally located 3% inches down- 
‘ream from the plane of the fan. With the 5-foot pitch fan operating 


#s a blower at 585 r. p. m., the static pressure was found to be 0.25 
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inch of water less than the atmospheric pressure. It seemed « 
prising at first that the fan operating as a blower should develo 
decreased ‘static pressure, but further investigation showed it to ly 
perfectly natural phenomenon, as explained below. A longitudiy 
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traverse of the duct was made, observations of static pressure bei 
taken at the points /, 2,3, ......24 of Figure 10. The resi 
are plotted in Figure 12. The fan produces a condition of redu 
pressure on its inlet side which causes the air to flow into th 
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FIGURE 9 





Referring to the curve, we see thai the static pressure at this sect 
is 0.57 inch of water less than the atmospheric pressure. The { 
boosts the pressure to 0.25 inch of water less than the atmosp! 
pressure and the air is discharged into the duct which is of large 
cross section than the inlet ring. The air tends to fill the duct 
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wing up and thus converting velocity pressure into static pressure. 
he obstruction of the duct by the motor and its supporting columns 
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FicurE 10.—Arrangement of duct for blower condition 


a, Longitudinal] section. 6, Section A-A, showing points of observation for velocity. 
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Figure 11.—Longitudinal section of duct, exhaust condition 
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URE 12.—Results of longitudinal static traverse for the blower condition 





the process until the obstruction has been passed, when we 
‘ pressure rising rapidly to a maximum value just in front of 
neycomb. There is a sharp drop in pressure through the 
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honeycomb, and a fairly constant value is then maintained to the end 
of the duct. The pressures measured near the fan are probabj 
greatly in error because of the very turbulent and nonaxial motioy ; 
the air. The curve shows clearly that the most desirable location 
the static pressure holes is just in front of the honeycomb. Since 
the blowing tests some spiral motion persists right up to the honey. 
comb, we feel that the measurement of the static pressure jg |c& 
satisfactory in the blowing tests than in the exhaust tests. 

The results of the longitudinal traverse for the exhaust conditiiy 
are shown in Figure 13. In front of the honeycomb the statie pros. 
sure is about 0.06 inch of water less than the atmospheric presstire 
There is a drop through the honeycomb to about 0.1 inch of wate 
less than the atmospheric pressure, and this value is maintained yntj 
the obstruction of the passage by the motor and its supports caus 
the velocity to increase and the pressure to decrease. The fan boosts 
the pressure to about atmospheric pressure and the air is discharea 
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FIGURE 13.—Results of the longitudinal static traverse for the exhaust conditio 
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at a relatively high velocity. It is readily seen that the position | 
the static holes is not so restricted as for the blower-fan arrangemen' 
The pressures for the exhaust arrangement were very much steadie! 
than for the blower arrangement. 


V. TEST PROCEDURE 


The duct is not housed in a building, but stands in the open. Runs 
were not made when there was any precipitation or appreciable wind. 
The desired resistance conditions were obtained by placing a swt 
able number of layers of material (mosquito netting, cheese clot’, 
batiste, or paper) on the upstream side of the honeycomb. The 
several fans were run at the speeds mentioned above for each resis'- 
ance condition; the resistance was then changed, and the procedur 
repeated. Measurements of the velocity for each resistance cond- 
tion were made at the 40 points indicated in Figure 10 (b), the points 


being at the centers of equal areas of the cross section. Each reading] 


of the anemometer took about one minute and represented an inte 
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ration of the velocity over this period of time. The velocity in feet 
ner minute was computed from the time (measured by a stop watch) 
equired for the anemometer to make a counted number of revolu- 
‘ons, the calibration curve being used. 

The first set of data was taken with the fan operating as a blower; 
‘ure 10 shows the arrangement in the duct. For the exhaust 
ondition, a faired section 4 feet long and 14 feet maximum diameter 
sv, 2) was placed at the opposite end of the duct from the fan so as 
» secure a more even flow. Also, the honeycomb was moved to the 
nosition shown in Figure 11, the anemometer mounting was moved 
» the opposite side of the honeycomb, the fans were reversed on 
heir hubs, and the direction of rotation of the motor reversed. Ob- 
servations were taken as described for the blower fan. 

At the beginning of the test the efficiency of the motor at the vari- 
us speeds was obtained by means of a Prony brake. Curves of the 
ficiency against power input were plotted and used to compute 
he power delivered to the fan from the observed power input to the 
motor. Check runs made at the end of the tests showed an apparent 
hange of about 5 per cent in the power absorbed by the fans. Check 
yeasurements of the pitch showed no apparent change in the fans, 
and, therefore, the Prony brake was again rigged up, and several 
elliciency runs were made. ‘The results showed that the efficiency 
of the motor had changed during the tests. Since there was no way 
of knowing when the change took place, all of the fans were run again 
at the various speeds and against the various resistance conditions. 
Observations were made as before, except that the velocity readings 
were omitted. This omission was justified because the head-volume 
relation was not affected by the change in the efficiency of the motor. 
In plotting the power-volume curve, the head-volume curve obtained 
in the original tests was used to obtain the volume corresponding to 
the observed head. To guard against errors due to further changes 
in the efficiency of the motor, measurements of the power required 
to turn the motor without fan load were made at frequent intervals, 
and since the efficiencies measured by the Prony brake were in good 
agreement with those determined from the no-load power and the 
electrical losses, the power absorbed by the fan was computed by sub- 
tracting the electrical and mechanical losses. 


VI. REDUCTION OF OBSERVATIONS 


When a fan is operated at various rotational speeds to move air 
through a given duct system, the volume of air moved varies directly 
as the speed of rotation N; the static pressure developed varies as 
the square of the speed of rotation, and the power required varies 
as the cube of the speed of rotation. The static pressure and the 
power also vary directly as the air density, if the volume transferred 
per minute is the same in all cases, as may be secured by suitably 
adjusting the speed of rotation. For geometrically similar installa- 
tions, the average velocity of the moving air is proportional to the 
lp speed, hence to the product of speed of rotation (N) and diameter 
YD). The volume, therefore, varies as ND® (air speed times area of 
duct), the head as N’?D* (square of the tip speed), and the power as 
VP? (product of head and volume), It is assumed that the reader 





194 Bureau of Standards Journal of Research Va 
is familiar with these relations, which form the basis of Practically 
all fan tables. 

The resistance of a given duct system is not constant, but 
function of the air speed, varying approximately as the square of th 
volume of air flowing. When the speed of rotation of a fan deli : 
ering air to the system is increased, the volume increases direct] lv 
the speed of rotation, and the pressure developed by the fan incregg 
as the square of the speed of rotation, hence, as the square of ¢, 
volume flowing. The pressure developed by ‘the fan keeps in ste 
with the increasing resistance of the duct and, therefore, Except for 
the small and usually negligible deviations from the relations stated 
no additional information is obtained by changing merely the speq 
of rotation of the fan that is delivering air to, or removing it from, 
a fixed duct system. 

A fixed value of the ratio of the resistance of the duct to the squar 
of the volume flowing may be spoken of as a given resistance ratip 
To make a satisfactory test of the fan, this ratio must be varied fro 
infinity (a closed duct) to nearly zero (an open duct). The metho 
of doing this has already been explained. With a closed duct, th 
fan builds up a static pressure in the duct, but there is no flow of 
air through the duct system. As the resistance to flow is decreased, 
the speed of rotation of the fan remaining constant, the volum 
air flowing increases and the static pressure decreases until final 
when the difference in static pressure between the inlet and outl: 
side of the fan is zero, the fan moves the greatest volume of air 
Curves of the static pressure and power against air volume for ; 
constant speed of rotation represent one method of giving the 
characteristics of the fan. 

The useful work of the fan is usually defined as the work done in 
moving the observed volume of air against the observed static pres 
sure. With this definition the efficiency of a fan operating either 1 
a closed duct or in the open is zero. Often, but not always, the work 
required to impart the observed velocity to the air is included in the 
useful work. We have included it. A volume, Q cu. ft./min, 
moving in a duct of diameter, d feet, corresponds to a mean speed of 
—- 260 ft./sec. The kinetic energy imparted per second is oue 
half the product of the mass of air moved per second times the squait 
of the mean speed. The mass moved per second is the product o/ 


the density (p slugs/ft.*) by the volume per second (% 9 cu: ft. ). Hene 


: — , all Q _) 
the kinetic energy imparted per second is } 


> PEO 0.7854 } 


/ rt’ . Q) 
lbs./sec. The power required to move the volume 60 cu. 
) 


against a static pressure of h inches of water (= 5.2 h lbs. /{t.’ 
, . 
lbs./sec. Hence, the total useful power is 60 
) 


@ ; :; rata ' . : 
A 0 mor . : ) 'ft. Ibs./sec. The second term in the brac! 
0.7854 a xX 60/7 | é, 
velocity pressure, and the sum of the two terms is the total 


H ] } 4 41 
both expressed in Ibs. /ft.? We have adopted, then, as th 
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wwer the power required to move the observed volume from the 
pial pressure on the inlet side of the fan to the total pressure on the 
Bitlet side. 

We do not intend to suggest that the above definition of useful 

ork is the ‘‘true”’ or ‘‘best.” The practical problem is generally to 

Freulate a definite quantity of air through a given duct system with 
he minumum power. The use of the conception of efficiency may or 
sav not be helpful in securing the desired result. 

All observations were reduced to the standard air conditions 
dopted by the Fan Manufacturers Association,’ that is, to air weigh- 

x 0.07488 lbs./ft.’. This weight corresponds to air having a baro- 
jetric pressure of 29.92 inches of mercury, standard gravity, a dry- 
yilb temperature of 68° F., and 50 per cent relative humidity. 

In view of the approximate laws previously stated and to facilitate 
he use of the results in estimating the performance of fans of other 
jiameters and rotational speeds, the results are given in terms of the 
veflicients defined as follows: 


> ae 
Kp= 10" NTP 


Efficiency = 2:2 GH _ 10'x 5.2 KuKa 
——s S8000 PF 33,000 Kp 


where, Ky=total pressure coefficient, Kg=volume coefficient, 
K>=power coefficient, N = rotational speed (r. p. m.), 2 =diameter of 
fan ({t.), @= volume of air (cu. ft./min.), P=horsepower absorbed by 
fan, and /7=increase in total pressure produced by fan (inches of 
water), that is, the sum of the increase in the static pressure plus the 
increase (or minus the decrease) in the velocity pressure. 

The increase in static pressure is measured on the manometer gage. 
The velocity pressure in a duct of diameter, d, is computed from the 
expression already given, 


% Q . 
eae d? x 3) 
. 0.07488 


inches of water. The standard value of p is 39 156 ~ 0:002829 





] « . . . . 
siugs/ft.?.. Combining the numerical factors, we find that the velocity 
pressure is 


GNP Pe : 
0.000000 1008 5; = ie ( 10.08 Ke #) 


laches of water, p having its standard value. 





J.A.S. H. V. E., 29, p. 371; 1923. 
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For the blower condition, the air starts from rest at atmosphen 
pressure, and // is the excess of the total pressure in a 10-foot 
above that pressure. As DP is 8 feet, the increase in veloci 

VD, 3K? | v= NIP, .. . 
sure is Tor 13 Ke’), and H=Hgs+° 108 (4-18 Ke’), Hs being th 
excess of the static pressure in the duct above one atmosphep 
; - 10°Hs oY? 

For the exhaust condition, D being 8 feet, the increase in th 
velocity pressure in passing from the 10-foot duct, where the stai 
pressure is H; below atmospheric, to the outside air (atmospher; 
pressure) at an opening 8 feet 1 inch in diameter will be a 

il? 
> 1 1) ND 
Ee ee ee 
(10.08 i (8.083) i104} 108 
average air speed is the same at every point of the 8 foot 1 inch open 
, F icin tee 10°, 
ing. Then H= s+ (5.55 K,’), and Ku= yap + 5.55 Ke 


M 


(5.55 Kg’), provided that th 


(Actually, the flow will not be distributed uniformly over the discharg 
opening, and this will modify the results.) 

When the coefficients, Ay, Kg, and Kp are known, it is easy t 
determine whether given conditions can be met, and if so, what rots 
tional speed, diameter, and pitch are required. This is facilitate 
by combining these equations in various ways and by the use « 
suitable graphs. For example— 


__ OKn 
D = OHKe 


7. Q 
N=T5K, 

are convenient for use with a slide rule. These two equations may be 
used in the solution of many types of selection problems. For special 
problems it may be convenient to plot the characteristic curves in 
terms of new variables so chosen that the independent. variable 
involves only known quantities. For example if 0, N, and H are the 


known quantities, some convenient power of Ki is chosen as the 
H 


independent variable, for by the relations given in equation (1) 


Ko GN 

Kk, 10% He 

and, hence, its value is determined completely by the known quant: 

ties 0, N, and H. The reader is referred to a paper entitled “ Cha- 
teristics of Centrifugal Fans.” by T. G. Estep and C. A. Carpenter, 

acteristics of Centrifugal Fans,’”’ by T. G. Estep and C. A. Carpen 

appearing in the Proceedings of the Engineering Society of Wester 

Pennsylvania, volume 43, 1927-28, page 306, for illustrations o! the 

. ? ? pI z ? 
use of this independent variable. 
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ryaen 
alli J 
Tf 0, D, and H are the known quantities, a convenient power of 
a. is chosen as the independent variable, for by the relations given 


(1) 


qué ition 
Ko | 


Ky ; 


_@ 
LOoLAH 


snd, hence, its value is determined completely by @, D,and H. This 
wiable forms the basis of the so-called Hagen chart described in 
farks Mechanical Engineers Handbook, sec ‘ond edition, page 1643 
McGraw-Hill, 19 24). 
Tas ie 2.—Blower fan 


(a2) 2-FOOT PITCH (PITCH/DIAMETER RATIO 0.250) 


800 Tr. p.m, | 900 r. p. m, 


Effi- 
as ciency 


| | em. | 


| 
¢ vpl . ¢:; ’ ¢ 
Ke Ky | ciency | Kx | 
| } 


0. 1870 
. 1377 
1123 
. 01672 
. OB4E 


0. 33 
. 34 
20 
24 


Per cent} 


21.9 
32.6 
35 « 
34, 3 
2A. 


| 
| 


0. 233 
. 506 
674 
945 
1. 068 


0. 1848 
- 1375 
- 1128 
. 0676 
. 0346 


Fer cent 
| 20.6 
| 39; 
| 36.¢ 
3A. 
24. ¢ 





Q oa 0 | 1. 224 





PITCH (PITCH/DIAMETER RATIO 0.375) 


3-FOOT 


0.2447 | 0.5% 26.8 ; 
Reh 6 | 38. é 5 | . 1757 oO 38. ¢ 
- 1306 O07 $1. | . 062 - 1375 

] 36.2 | . 0701 

. 0469 


| 
0.2410 | 0.: La | 


4-FOOT PITCH (PITCH/DIAMETER RATIO 0.500) 





700 r. p.m, 


| 
Kp} | Effi- 


ciency 








(PITCH/DIAMETER RATIO 


0.625) 


. 659 

- 968 

277 . 208 

. §28 - 129 

1. 800 | . 070 
. 110 


| 0. 297 
258 


1 These values of Kp taken from faired curves. 
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(e) 6FOOT PITCH (PITCH/DIAMETER RATIO 0.750) 


TABLE 2.—Blower fan—Continued 








585 r. 


p.m. 


ne ff 
>4 . Hl 
Kr | ciency | 








Per cent 
|} 31.1 
30. 3 
41,: 
38. 


0. 683 

. 695 
1, 313 
1, 048 


1. 508 
1, 345 
1. 645 
1,515 


1, 981 
1. 871 
2. 108 
2. 080 





700 r. p. m. 


0. 3090 
. 3075 
. 2161 
. 2577 

. 1562 

. 2125 

. 1006 

. 1361 


. 0475 
. 0596 
0 
0 


ciency | 


7.4-FOOT PITCH (PITCH/DIAMETER RATIO 0.938) 


0. 3505 
. 3014 
. 2220 
. 1505 


1. 60 
1. 60 
1. 60 


32.9 | 
37.1 
40.5 | 


. 50 30. 4 


0. 876 
1.314 
1. 847 


| 0.3525 | 
. 2923 
. 2250 
. 1499 





| 


8.5-FOOT PITCH (PITCH/DIAMETER RATIO 1.063) 


. 0972 
0 


. 3068 
. 2423 
. 1486 
. 1455 


. 1418 
- 0901 


| 
| 
1. 947 | 





as 





1 
1.39 | 25.9 
1.31 | O 


2. 285 
2.695 | 


' 


0. 977 
. 988 
1,355 | 
1.704 | 
1.949 | 
| 
1.951 
2. 041 
2. 366 
2.610 


1 
) 
1. 64 
1, 59 





. O988 
0 


0. 3740 
. 3660 
. 3058 
. 2368 
. 1505 


. 1524 

. 1396 

. 0960 
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TABLE 3.—Exhaust fan 


1, 99 
1. 98 
1, 94 
1, 88 
1. 68 


1. 68 
1. 66 
1, 64 
1, 59 
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j 
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(a) 2FOOT PITCH (PITCH/DIAMETER RATIO 0.250) 





0. 338 
. 538 
. 640 
. 858 
. 968 
1, 165 


0. 522 
. 818 
. 953 

1. 181 

1. 391 

1.614 





1 These values of Kp taken from faired « 
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800 r. 


0. 1561 
. 1234 
. 0997 
. 0688 
. 0509 
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(b) 3-FOOT 


0. 1978 
. 1554 
. 1282 
. 0924 
. 0632 





p.m, 


E ffi- 
| ciency | 


900 r. p. m, 


Effi- 
ciency 





0. 325 
. 523 





| Per cent 
23.4 
30.9 
31.8 
31.4 

| 28.6 

} O 








375) 





0.512 | 
. 807 


. 952 


urves 


0. 1970 
. 1546 
. 1284 
. 0901 
. 0648 

0 
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TaBLe 3.—Hzhaust fan—Continued 


(c) 4-FOOT PITCH (PITCH/DIAMETER RATIO 0.500) 





85 r. p. m. | 





‘27 





(d) 5-FC 


0. 778 
. 939 
1.090 
. 280 


0. 756 


1. 058 
1.216 
1. 337 
1.577 
1. 976 
2. 210 
2 


. 392 


| 
} 
| 
| 
i 


| 
| 
| 
| 
| 


| 
. 
| 
a" 


(g) 8.5-FOOT PITCH 


0 


0. 2388 
. 2138 
. 1861 
. 1533 


. 1060 
. 0717 





| 
| 


| 


1.03 
1.02 


i. 
. 98 


00 


. 91 
. 84 
. 69 


Effi- 
| ciency 


0. 660 
. 687 
1. 023 
1, 231 
1. 426 
1.651 
1. 912 





0. 784 
. 926 
1.072 
1. 260 
. 584 
1. 538 
1.747 


2. 030 





JOT PITCH (PITCH/DIAMETER RAT 


| 920( 
| 0. 2399 =| 
| 2192 
1878 
1544 
1071 
. 1107 
. 0752 
| 0 


E fi- 


ciency | 


0. 81 
.8l | 
. 80 
. 78 
05 
10 | 


sao | 


28.6 
30.3 
35. 7 
34.6 
31.1 
24.2 


IO 0.625) 


j 


| Per cent} 


| 


| 


| 








(e) 6-FOOT PITCH (PITCH/DIAMETER RAT 





5-FOOT 


0. 2797 
2507 
2106 

. 1683 


1. 08 


. 07 
. 05 
. 03 
.97 
.9l 


| 
| 95.9 
| 97°78 
28.3 
97.0 
| 20.6 
0 


29. 1 
29.5 
26.9 
26. 0 
26. 6 
19.9 
0 


— 


0. 751 
. 897 
| 1.030 

1. 184 
} 1,507 
} 1. 695 
| 1.982 


PITCH (PITCH/DIAMETER 


1. 066 
1, 212 
1. 328 
1. 572 
1.949 
2. 160 
2. 380 


0. 2363 | 
2148 | 
. 1828 | 
1517 
.1075 | 
. O748 
0 


| 


| 
| 


0. 2816 

2508 

. 2123 

| 51720 
|} .1307 
| 0844 

0 

| 


RATIO 0.938) 


1. 60 
1. 63 
1. 65 
1.62 
1,52 
1. 40 
1.30 











1.72 
1.6 
163 
J 


. 93 
. 96 
. 98 


25. § 
25. § 
24. 


25. ¢ 
25. 1 
15. 5 
17. 1 








| 
| 
} 


aI 
. 2845 | 
. 2541 | 
> ae 
. 1770 
. 1378 


. 0869 


(PITCH/DIAMETER RATIO 1.063) 


. 93 
. 96 
. 98 








1 These values of Kp taken from faired curves. 


Each of these independent variables has advantages in a particular 
ype of problem, eliminating methods of trial and error which may be 
Decessary with the characteristic curve involving Ky and Ko. To 
void possible confusion due to a number of methods of procedure, we 
il make use of the relations of equations (2) and the K,—-Kg curves in 
illustrative problems given in this paper. 





200 Bureau of Standards Journal of Research 


VII. RESULTS 


The results obtained are summarized in Tables 2, (a) to (4), an 
3 (a) to (g), and in Figures 14 to 31. As the pitch/diameter ratio ; 
increased, the curve of efficiency v. volume coefficient becomes py, 


° 800 RRM. 
¢ 900 RPM. 
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S 


VO ids +46 @£0@ 
Ka 
FicurE 14.—Characieristics of 8-foot by 2-foot blower fan 


Diameter, 8 feet; pitch, 2 feet; pitch/diameter ratio—0.250. 
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FicurE 15.—Characteristics of 8-foot oy 3-foot blower fan 
Diameter, 8 feet; pitch, 3 feet; pitch/diameter ratio—0.375. 


gressively flatter (figs. 29 and 31), and the useful values of the coefficiet! 
of volume and of head progressively increase up to a pitch/diamete! 





LASICICSI CY ~— FCF COLO 


B atio of 0.938.2, Hence, with the higher ratios larger values of the 


efficients are available, and the diameter and the speed of rotation 


585 RPM. 
700 R.RM. 


L£rficiency ~Fer Cent 
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FicurE 16.—Characteristics of 8-foot by 4-foot blower fan 
Diameter, 8 feet; pitch, 4 feet; pitch/diameter ratio—0.500. 
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Figure 17.—Characteristics of 8-foot by 5-foot blower fan 
Diameter, 8 feet; pitch, 5 feet; pitch/diameter ratio—0.625. 
may be varied, so as to suit given conditions, over a limited range with- 
out serious loss in efficiency. The maximum efficiency varies slowly 





‘ The coefficients for the fan of pitch/diameter ratio 0.750 are somewhat out of line, probably because the 


lade widths are smaller than those of the neighboring fans, and the actual pitch is less than the nominal 
pret 
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Figure 18.—Characteristics of 8-foot by 6-foot blower fan 


Diameter, 8 feet; pitch, 6 feet; pitch/diameter ratio—0.750. 
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° 585 R.RM. 
° 700 RPM. 
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Figure 19.—Characterisiics of 8-foot by 7-foot 6-inch blower fan 
Diameter, 8 feet; pitch, 7 feet 6 inches; pitch/diameter ratio—0.938. 
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Ballif 


bith the pitch/diameter ratio, passing through a maximum near the 
Fatio 0.500, and at ratio 1.063 reaching the lowest value observed in 
Shis work. In general, ratios less than 0.3 or greater than 1.0 should 
q + he od 
mot de used. 


° 585 R.PM. 
° 700.R.P-M. 


DS Lrficiency - Per Cent 


Ge. de if .<2O ~2~2F .26 .32€ .36 
Ka 
FigurE 20.—Characteristics of 8-foot by 8-foot 6-inch blower fan 
Diameter, 8 feet; pitch, 8 feet 6 inches; pitch/diameter ratio—1.063. 


In each case, the efficiency of the fan when used for blowing 
slightly exceeds that when used for exhausting. 

To illustrate the method of using the characteristic curves, we may 
consider some practical problems. It is desired to deliver 34,200 


hi 


0 G00 RPM. 
A,| © 900 RPM. 


A 
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Ficgurb 21.—Characteristics of 8-foot by 2-foot exhaust fan 
Diameter, 8 feet; pitch, 2 feet; pitch/diameter ratio—0.250 


N 
oN 


min. against a total pressure of one-half inch of water, using a 

blade propeller fan 7 feet in diameter and rotating at 700 r. p. m. 

blower. Can this be done; and if so, what will be the pitch of the 
nd the power required? 





Bureau of Standards Journal of Research 








°0 G00 RPM 
e 900 REM. 




















LI4.- Per Cent 








ad Kp 





Ky 









































O 


0 
JE .20 


Figure 22.—Characteristics of 8-foot by 3-foot exhaust fan 
Diameter, 8 feet; pitch, 3 feet; pitch/diameter ratio—0.375. 
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FigurE 23.—Characteristics of 8-foot by 4-foot exhaust fan 





Diameter, 8 feet; pitch, 4 feet; pitch/diameter ratio—0.500. 
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FiaurEe 24.—Characteristics of 8-foot by 5-foot exhaust fan 


Diameter, 8 feet; pitch, 5 feet; pitch/diameter ratio—0.625. 
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Figure 25.—Characteristics of 8-foot by 6-foot exhaust fan 


Diameter, 8 feet; pitch, 6 feet; pitch/diameter ratio—0.7%). 
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Figure 26.—Characteristics of 8-foot by 7-foot 6-inch exhaust fan 


Diameter, 8 feet; pitch, 7 feet 6 inches; pitch/diameter ratio—0.938. 








2.0 
























































585 APM. 
700 R.PM. 











= 








op 
i a @ 
| 


— ee | 


{ 
j 


























of 8-foot by 8-foot 6-inch exhausi 
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pitch/diameter ratio—1.068. 
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__ 34,200 = (0.1424 and the 


We find at once that the required Ke= 700 573 
, 10°X0.5 ee i ; 
bequired Ku= 700272 2.082. An examination of Figures 19 and 



















































































FigurE 28.—Characteristics of 2-blade propeller fans of various pitch/diam- 
eter ratios 
Blowing condition. 
0 shows that this point is above all of the characteristic curves 
nid, therefore, that the desired performance can not be obtained. 
he nearest point on the characteristic curve for the propeller of 


=~ 


oa £60 ss 8 «4£¢ 
Ka 


By > On yf . . . / . e 
riGURE 29.—E fficiency of 2-blade propeller fans of various pitch/diameter rati« 
ll Y 9) vi ] i 


Blowing condition. 


7 that 


pitch/diameter ratio 0.938 (fig. 19) which has the same value of 


Is, the same duct resistance, is Ay = 2.000, Kg=0.1395,5 corresponding 





ie 10-8 Kx 


From the definitions of Ky and Ke a Di Eo But 


(hese values are found by trial and error. 


€ desired S ——m @ dis 7 feet. 
ed condition is 342 and D is 7 feet 


= : Kun 108X0.5X7* a . 
uve siwh that Ke is equal to sao ~=103. We find the values given. 


115233 °—30——-14 


By trial we look for values of Kg and Ke ont 
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to a reduction of the volume to 33,500 cu. ft./min. The value of K,\ 
1.47 and, hence, the power required is 1.47 X 107” X 700° X 7° =8 4 
h. p. The pitch is of course 0.938 X 7 = 6.56 feet. 
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Figure 30.—Characteristics of 2-blade propeller fans of various pitch/diameter rai 


Exhausting condition. 


To secure the desired performance it is necessary to change the 
diameter or speed of rotation. Suppose we consider a fan of 
pitch/diameter ratio 0.625 under conditions of maximum efficiency tor 


8 


L£ihiciency 
N 
S 


0 
0 O04 


Figure 31.—E ficiency of 2-blade propeller fans of various pitch/diameter raivos 
Exhausting condition. 


which Ky=1.2, Kg=0.22. Hence, by equations (2) 


1.2 X 34,200? 
= — 1. = 
D 10° X 0.22? X 0.5 580 


whence 


D=4.907 feet. 
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34,200 
N=j59%4. 90737 | 314 r. p. m. 


The pitch is 4.907 X 0. —* 066 feet. From Figure 17 the power 
efficient is 1.02 for Kg=0.22, and, hence, the required power is 1.02 
10°? X 1,314 X4.91°=6.61 h. p. The desired performance is ob- 

tained : ind the power is only 78 per cent of that required for the first 

fin, wh ich gave a lower performance. The importance of a proper 
election of diameter and speed of rotation is evident. 
In many cases this fan would be objectionable on account of the 
h zh speed of rotation. To reduce the speed of rotation we would use 
r pitch/diameter ratio, say 0.938, but choose the diameter 
nd I speed so as to lie near the condition of maximum efficiency 
19) where Ky = 1.75, Kg=0.24. Hence 


1.75 X 34,2002 
10° 0.24? x 0.5 


34,200 
0.248 


D= 


N=: 


vhich D= 5.16 feet, pitch = 4.84 feet, N=1,035 r. p. m., power 
.51 h. p. 
it might be desirable to reduce the speed somewhat more by a 
sacrifice of efficiency. For example, a convenient motor speed is 
“0 r. p.m. We would then have the problem of selecting D such 


34,200 
900 D8 


. 
, 0.5 


0900? D® ~ a and 


= Kg are points on the characteristic 


curve of Figure 19. By trial and error, assuming D=5.3, 5.4, 5.5, 
5.6, a 5.8, 5.9, 6.0 feet successively, we find D=5.78 feet gives 
Ky=1.85, Ko= = “0.197, Kp=1.58 as the solution. The pitch is there- 
ore 5.42 feet and the power required is 7.43 h. p. The additional 0.92 
i. p. is the price paid for the reduction of the speed to 900 r. p. m. 

In theory, any condition of head and volume may be met efficientiy 
by the use of 2-blade propeller fans; for example, suppose that it 1s 
required to select a 2-blade propeller fan to deliver 75,000 cu. ft./min. 
against a total pressure of 10 inches of water. Again using the fan 
of pitch/diameter ratio 0.938 for which at maximum efficiency Ky = 

75, Kg=0.24, Kp=1.6, we have 


1.75 X 75,000? 
108 X 0.24? X 10 
75,000 
0.248 


Dt= 
N _ 


n which we find readily that a fan of diameter 3.61 feet, pitch 
39 feet, rotating at 6,640 r. p. m., absorbing 287 h. p., meets the 
req uirements. In practice, the high rotational speed makes the use 
& propeller fan impracticable, except, perhaps, under unusual 
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circumstances, because of the problems of motive power at the desiryj 
speed, noise, and strength to resist centrifugal force. 

The limits of the practical use of propeller fans may be fixed in ¢} 
following manner: We may decide that the tip speed should jo 
exceed 25,000 feet per minute (an illustrative figure only, since jy 
most cases lower values are desirable). The maximum value of Ky fo: 
good efficiency is of the order of 2.0. Hence, the maximum valve » 
the head under the restriction on the tip speed is 2.0 x 1078 x = 000 

us 
= 1.26 inches of water. In round figures, 2-blade propeller fans ap 
not suitable for pressures much greater than 1 inch of water. Th: 
propeller fan is adapted to move large volumes of air against re atively 
small pressures. 

This limitation may be overcome by the use of more than two blades 
or by the use of a number of fans in tandem. Test data are not avail 
able on the performance obtained with these arrangements. Tip 
reason for the limitation is apparent. The blades which force the ai 
against the pressure occupy only a small part of the duct area and tip 
air leaks back between the blades. Only by moving the blades ver 
rapidly, indeed, can large pressures be maintained. 


VIII. ACCURACY OF RESULTS 


Table 4 illustrates the degree of uniformity of the velocity over tl: 
measuring cross section, by giving for various conditions the mea 
percentage deviation of the 40 readings from the mean. It will 
noted that the maximum deviation for the blower-fan arrangement is 
about 17 per cent. Such large deviations would seem to be a — 
source of error, but when check runs were made it was possible t 
repeat the results within about 2 percent. Table 2 (g) and Figure i 
show a large number of check observations. In this case, the obstruct- 
ing netting was changed in amount or was readjusted between tests. 
Consequently, the resistance offered by it in the nominally identical 
series may differ significantly, depending, as it does in part, upon the 
amount of overlapping and of accumulated dirt. Hence, these check 
observations actually correspond to different points upon the charac- 
teristic curve. Tables 2 (g), and 3 (c), (d), and (g) contain several 
check measurements made successively without changing the netting 
in any way. 

For the exhaust arrangement, conditions are greatly improved. 

maximum deviation is only 6 per cent. The improvement is due 
vs art to the faired entrance cone, in part to the fact that the moto 
and its supports are now dow nstream and in part to the generally 
steadier flow in the inlet side of a propeller fan. 

[t is believed that the values given are correct to within 5 per cet! 
The relative values for the several fans are probably within 2 per cett. 
The agreement of the coefficients at two speeds of rotation is an evi: 
dence of the general precision. 
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—~Mean percentage deviation from average velocity at measuring cross 
section; vartous resistance conditions 
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IX. CONCLUSION 


The characteristics of 2-blade propeller fans have been measured 
jer operating conditions approximating those enc ‘ountered in cool- 
: towers. The results are expressed in the form of head and 

coefficients plotted against a volume coefficient in such a 
anner as to facilitate the estimation of the performance of similar 
sof any diameter and speed of rotation. The effect of pitch/diam- 

atio on the maximum efficiency obtainable is shown to be small 
! bi itch/diameter ratios between 0.375 and 0.938. The speed of 
tation and fan diameter must be carefully chosen to obtain maxi- 
bum efficiency. Methods of selection are illustrated by numerical 


amples, 
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